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A B S T R A C T
This thesis investigates the complexing properties o f synthetic macrocyclic ligands 
such as calix[4]arenes (L1-L6) and cryptand 222 (L7 ) towards lanthanide(III) cations 
in dipolar aprotic media (acetonitrile and N yA-dimethylformamide) at 298.15 K.
Molecular modelling studies performed on calix[4]arene derivatives suggested that 
solvent molecules such as acetonitrile and AQV-dimethylformamide interact with the 
hydrophobic cavity, thus inducing conformational changes on these ligands,
4 preorganising ’ them for complexation. lH  NM R complexation experiments 
established the presence o f interactions between the hydrophilic cavity o f 
calix[4]arene derivatives and the metal cations and revealed the sites o f complexation 
o f the ligands. Conductance measurements clearly demonstrated that 1:1 and 2:1 
metal cation : ligand stoichiometries are found with these cations in acetonitrile.
The thermodynamics o f complexation o f macrocyclic ligands and lanthanide(III) 
cations in acetonitrile and in YiV-dimethylformamide at 298.15 K  was derived from 
titration microcalorimetry. Stability constants were also determined by the 
competitive potentiometric method using silver electrodes. Excellent agreement was 
found between the data derived from calorimetry and those derived by potentiometry. 
The complexation process between these cations and these ligands was enthalpically 
controlled for all systems studied. Enthalpy-entropy compensation effects were 
observed in the complexation o f 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27- 
bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, L I  and 
the different lanthanide(III) cations in acetonitrile, as well as L I ,  L7 and 
[tetrakis(A,Ar-diethylaminoethyl)oxyl]p-^r+butylcalix[4]arene, L2, in N,N-dimethyl 
formamide, as suggested by the absence o f significant variations in the free energies 
o f complexation in each case. As far as /?-te/7-butylcalix[4]arene tetradiisopropyl 
acetamide, L3, is concerned, a selective behaviour was observed for these cations in 
acetonitrile with the highest stabilities found for gadolinium and europium.
Metal-ion complexes were isolated based on their stability and the solution 
thermodynamics o f the free and complexed salts was investigated. Lastly, the 
complexation process in the two solvents was discussed, taking into account the 
differences in solvation o f the reactants and the product in these solvents.
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C H A P T E R  1
IN T R O D U C T IO N
Macrocyclic ligands consist of lipophilic (mainly alkyl chains or benzene rings) as 
well as hydrophilic regions (e.g. oxygen, nitrogen atoms, or other functional groups). 
Their hydrophilic cavity can encapsulate specific ionic species, like a metal cation. 
The importance o f selective complexation o f metal cations (guests) by macrocyclic 
ligands (hosts) was recognised in the early sixties when Pressman [1] discovered that 
natural antibiotics such as valinomycin, were responsible for the selective transport of 
sodium and potassium across biological membranes.
Current interest in host-guest chemistry particularly in metal ion complexation has 
resulted in a huge expansion in the field o f macrocyclic ligand chemistry. Thus, 
numerous macrocycles are now known containing varying combinations o f oxa (O), 
aza (N ), phospha (P) and sulfa (S) ligating atoms, tailored to accommodate specific 
ionic species by adjusting macrocyclic cavity size and shape as well as number and 
type of coordinating atoms or moieties.
The study and interpretation o f host-guest interactions in solution is an important 
theme in the field o f supramolecular chemistry. Understanding the factors governing 
complexation ability and selectivity as well as solvent effects on the complexation 
process are vital in order to achieve the targeting o f specific metal cations. These 
interactions are best investigated by determining thermodynamic parameters such as 
the Gibbs energy, enthalpy and entropy associated with the complexation process in 
different solvents.
Lanthanides on the other hand, particularly their complexation chemistry, have 
received renewed interest over the past ten years. This is mainly due to the fast 
developing biomedical applications o f lanthanide cation-based systems including 
nuclear magnetic imaging [2], cancer therapy [3], specific cleavage o f RNA and D NA 
[4], fluoroimmunoassays and luminescent labelling o f biomolecules [5].
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Since the research reported in this thesis is related to physicochemical studies on the 
interactions of macrocyclic ligands and lanthanide cations, it seems reasonable to 
proceed with a brief introduction on supramolecular chemistry, macrocyclic ligand 
chemistry as well as lanthanide complexation in solution.
1.1. SU PRAM O LECU LAR  CHEM ISTRY
Molecular chemistry is based on the covalent bond covering mainly the structures, 
properties and reactions of molecular species. Similarly supramolecular chemistry, as 
stated by Lehn [6] in his Nobel lecture in 1987, is the chemistry o f the intermolecular 
bond, being concerned with the. structures and functions of the chemical species of 
greater complexity than the molecules themselves. The diagram shown in Fig. 1.1 
represents graphically the development o f supramolecular chemistry from molecular 
chemistry: Covalent interactions between starting materials A, B, C and D lead to the 
synthesis o f the molecular receptor and substrate. Selective binding (involving a 
molecular recognition process) of a substrate to the receptor forms the supramolecule. 
Substrate and receptor are held together by intermolecular interactions (e.g. 
electrostatic forces, hydrogen bonding, van der Waals forces, etc.). In the cases where 
the molecular receptor has appropriate reactive groups as well as binding sites it may 
react with the substrate (transformation process) after binding with it thus behaving as 
a supramolecular reagent or catalyst. I f  the receptor is membrane soluble it may act 
as a carrier molecule facilitating the transfer o f a substrate across the membrane 
(transport process). Thus, molecular recognition, transformation and transport 
represent the three basic functional features o f supramolecular species.
The roots of supramolecular chemistry date back to the end o f the last century- 
beginning o f this century when Paul Ehrlich [7], Emil Fischer [8] and Alfred Werner 
[9] introduced the fundamental concepts o f fixation, recognition and coordination 
respectively. Moreover, the concept o f molecular recognition introduced by Fischer 
with his ‘lock and key’ image o f stereo-electronic fit also laid the basis of host-guest 
chemistry.
The beginning o f supramolecular chemistry took place when alkali-metal cations were 
selectively complexed by natural [1] and synthetic macrocycles (crown ethers [10]-
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[12] and cryptands [ 13]-[ 16]). It was however the discovery o f synthetic macrocyclic 
ligands in the late sixties and early seventies which triggered the extraordinary 
development of this area o f research. Since then, supramolecular chemistry has 
developed into one of the most fascinating and promising fields of study which led to 
the 1987 Nobel Prize being awarded to Pedersen [17] (crown ethers), Lehn [18] 
(cryptands) and Cram [19] (spherands) for their pioneering work in this area.
CHEMISTRY 
MOLECULAR SUPRAMOLECULAR
V a . N/ > j SYNTHESIS #
Covalent Bonds
RECOGNITION
COMPLEXATION
Intemiolecular
Bonds
SUPRA
MOLECULE -> TRANSFORMATION
TRANSLOCATION
Fig. 1.1 The development o f supramolecular chemistry from  molecular 
chemistry [6].
1.2.THE M ACROCYCLIC  LIGANDS. CLASSIFICATION
A  considerable number o f new macrocyclic ligands have been prepared in recent 
years. Due to the large variety o f macrocycles available it is difficult to carry out a 
strict and exhaustive classification. Following the suggestion given by Cox and 
Schneider [20] these will be discussed under two main categories.
i) Naturally occurring macrocycles
ii) Synthetic macrocyclic ligands
A  brief description o f the two categories together with representative examples in 
each case are now given in the following sections.
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1.2.1. Naturally occurring macrocycles
These can be further divided into two main groups.
a) Neutral macrocycles and
b) Polyether or carboxylic macrocycles.
1.2.1.1. Neutral macrocycles
A  representative example o f this class is valinomycin (Fig. 1.2), a cyclic compound 
and the first antibiotic found to be able to facilitate the transport of ions across natural 
membranes. The members o f this group are compounds o f moderate molecular 
weight (500-1000 g mol"1) consisting o f about 30 atoms. They are soluble in lipids 
and do not contain any ionisable groups. They form a cavity (octahedral in the case of 
valinomycin) with the nucleophilic groups being directed inwards (hydrophilic 
interior) towards the metal cation whilst the lipophilic groups point outside the cavity 
forming a hydrophobic exterior. During the complexation process, the solvent 
molecules being initially coordinated to the cation are replaced by the electronegative 
donor atoms of the ligand resulting in comparatively rapid complexation rates. Their 
complexes are soluble in lipids and low polarity solvents. The structure o f these 
complexes is such that the metal cation is wrapped up inside the cavity, thus 
excluding any direct interaction between the cation and the solvent.
c h 3 c h 3 
\ /
c h 3 c h 3 
\  /
CH CH3 CH
— O— CH— C— NH — CH— C - O — CH— C— NH —CH— C
IIo oII oII oII
3
Fig. 1.2 Structure of valinomycin.
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1.2.1.2. Polyether or carboxylic macrocycles.
Nigericin (Fig. 1.3) was the first macrocycle o f this group to be isolated. Polyether or 
carboxylic macrocycles are open-chain molecules but they usually adopt a pseudo- 
cyclic structure upon complexation. They consist o f a terminal carboxyl group, one or 
two hydroxyl groups at the other end o f the molecule as well as multiple ether 
linkages in the form o f tetrahydrofuran or tetrahydropyran rings in between. Unlike 
valinomycin, the presence o f carboxylic groups confers ionic character to the 
molecule and therefore, neutral complexes can be formed upon complexation with 
metal cations. Their cation complexes are very poorly soluble in water and much 
more soluble in organic solvents due to the isolation of the cation from the 
surroundings by the hydrophobic groups o f the macrocycle, as in the case o f the 
neutral macrocyclic ligands.
An additional type o f naturally occurring macrocycles with important applications in 
the areas o f agriculture, food and pharmacology [21], [22] due to their low degree of 
toxicity is cyclodextrins. They are polymers o f glucose consisting of a hydrophilic 
exterior and a hydrophobic cavity being able to form two types o f complexes with a 
large variety o f guests, a) Inclusion or axial type complexes in which the 
cyclodextrin cavity hosts the guests and b) equatorial or lid type complexes in which 
host-guest interactions take place outside the cavity of the macrocycle [23],[24]. The 
most commonly used cyclodextrins produced in industrial scale are
i) a-cyclodextrin constituted by six glucose units
CH3 c h 3 h 3q  CH3OCH3
OH
Fig. 1.3 Structure o f nigericin.
1.2.1.3. Miscellaneous
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ii) p-cyclodextrin constituted by seven glucose units
iii) y-cyclodextrin constituted by eight glucose units
The structure o f p-cyclodextrin is shown in Fig. 1.4.
Fig. 1.4 Structure o f p-cyclodextrin.
1.2.2. Synthetic macrocyclic ligands
A  large variety of synthetic macrocycles have been synthesised in the past three 
decades. Some of them are now discussed briefly. These are
i) Tetraaza-macrocycles
ii) Crown ethers
iii) Cryptands
iv) Spherands
v) Calixarenes
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1.2.2.1. Tetraaza-macrocycles
Tetraaza-ligands are planar compounds known to interact very well with transition 
cations such as zinc, cobalt and nickel due to the ideal (planar) arrangement of the 
four nitrogen donor atoms. Representative examples are given in Fig. 1.5. Large 
stability constants are usually observed for the tetraaza macrocyclic complexes of 
these cations in water (greater than 102°, although it is difficult to obtain accurate 
values for such highly stable complexes). These macrocycles are soluble in water but 
simple substitution by attaching pendant arms bearing lipophilic groups on the 
nitrogen atoms can alter their solubility.
HN NR. 
HN N R
[14]aneN4 Meg[14]4,l l-dieneN4
HN NH
HN NH
w
[12]aneN4 [16]aneN4
Fig. 1.5 Structures of some tetraaza-macrocycles.
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1.2.2.2. Crown ethers
The first crown ether was discovered accidentally by the industrial chemist Pedersen 
[25]. They are macrocyclic ligands better known for their complexing ability with 
alkali and alkaline-eaith metal cations [25]. Crown ethers are extremely versatile 
complexing agents being also able to interact through hydrogen bond formation (e.g. 
with amino acids). They have two dimensional holes rather than cavities. Thus, upon 
complexation, the cation is not completely encapsulated and this allows direct 
interaction with solvent molecules. Representative examples of this class of 
macrocycles are given in Fig. 1.6.
o o o
Recently a large variety o f crown ethers have been synthesised in which oxygen have 
been replaced by sulphur or nitrogen atoms (some examples o f which are also 
illustrated in Fig. 1.6) in order to have various combinations o f donor atoms in the 
ligand.
°  ' 
o a  /ta j a  a
O O
-0
18-cr own-6 DicycIohexyl-18-crown-6 12-crown-4
H
I
■N-
S S
•o
15-crown-5 Dibenzopyridino-18-crown-6 Monoazadithia-12-crown-4
Fig. 1.6 Structures o f some macrocyclic crown ethers.
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1.2.2.3. Cryptands
Cryptands were synthesised by Lehn in 1969 [26]. They are bicyclic compounds 
containing a three dimensional cavity lined with oxygen and nitrogen atoms, the size 
o f which is determined by the size of the bridges connecting the nitrogen atoms (see 
Fig. 1.7). Due to the presence o f this intramolecular cavity their complexes with 
cations are generally stronger than those o f crown ethers. In addition, complete 
encapsulation o f the monovalent cation in this cavity is usually achieved which is 
therefore shielded from direct interaction with solvent molecules (except in the case 
o f water, where some hydrogen bonding usually occurs) [27]. Like crown ethers, 
cryptands can interact with amino acids through hydrogen bond formation [28].
Cryptands with various combinations o f donor atoms in the bridges have been 
synthesised, some representative examples o f which are also shown in Fig. 1.7.
Cryptand 222 Cryptand 211 Cryptand 221
Benzo Cryptand 222 Dithio Cryptand 222 Dibenzo Cryptand 222 
Fig. 1.7 Structures of some macrocyclic cryptands.
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For cryptand 222 in particular three different conformations have been reported 
according to the position of the nitrogen lone pairs with respect to the cavity defined 
by the bridges, two symmetrical forms (exo-exo or endo-endo) and an asymmetrical 
form (exo-endo) [29] as shown in Fig. 1.8.
: n
exo-exo exo-endo endo-endo
Fig. 1.8 Schematic representation of the various conformations of cryptand 222.
i) Exo-exo conformation. In this form the lone pairs o f the two nitrogen donor 
atoms of the cryptand are directed away from the centre o f the cavity.
ii) Exo-endo conformation in which the lone pair o f one o f the nitrogen atoms is 
directed inwards, towards the centre o f the cavity, whilst the other points away 
from the cavity.
iii) Endo-endo conformation. In this conformation the lone pairs o f electrons of 
both nitrogen atoms are directed towards the centre o f the cavity.
1.2.2.4. Spherands
Spherands (Fig. 1.9) are macrocyclic compounds discovered by Cram [30]. They 
contain a structurally rigid octahedral cavity which is strongly selective for lithium 
but also able to complex with sodium. Spherands do not show any evidence of 
complexation with potassium or larger cations possibly due to the lack o f flexibility of 
their intramolecular cavity.
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1.2.2.5. Calixarenes
Calixarenes, the latest synthesised macrocycles, are cyclic oligomers obtained from 
the condensation of formaldehyde with p-substituted phenol under alkaline conditions 
[31]. The term ‘calixarenes’ was introduced by Gutsche [32]. ‘Calix’ means ‘beaker’ 
in Greek and Latin and it was chosen to describe the conformation which the tetramer 
generally adopts. There are five members in the series ranging from the relatively 
rigid tetrameric calix[4]arene to the more flexible octameric calix[8]arene Fig. 1.10 
shows the basic structure of calixarenes. They are slightly soluble in water and in the 
majority o f the solvents. For a detailed discussion on calixarenes as well as 
quantitative information regarding their properties see section 1.3.
n = 4 - 20
Fig. 1.10 Structure of p-te/t-butylcalix[n]arene.
A  fascinating feature o f the chemistry o f these macrocycles is the synthesis of a wide 
range o f derivatives obtained by functionalisation of the phenolic hydrogens at the
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lower rim or substitution at the para positions of the upper rim (following the removal 
o f the tert-butyl groups) or both. O f particular interest to the present work are the 
derivatives o f the tetramer (Fig. 1.11). These, in their cone conformation, are 
characterised by i) a hydrophobic cavity (inherent of the parent molecule) situated 
between the aromatic rings o f the ^-substituted phenolic units able to interact with 
neutral species and ii) a hydrophilic cavity created by the introduction o f 
functionalised groups in the lower rim able to interact with metal cations selectively. 
By choosing suitable substituents in the upper and / or the lower rim, selectivity of the 
calixarenes for a particular ion or neutral species can be achieved.
(a) (b) (c)
Fig. 1.11 Structures of (a) p-ter/-butylcalix[4]arene, (b) lower rim substituted p- 
ter/-butylcalix[4]arene and (c) upper rim substituted p-ferf-butylcalix
[4]arene. Ri, R2 are appropriate functional groups.
1.3. CALIXARENES
1.3.1. Brief history of calixarenes
The roots o f calixarene chemistry date back to the end of the nineteenth century, when 
von Baeyer [33] investigated reactions with phenols and aldehydes. The products 
obtained however remained uncharacterised until almost sixty years ago when Niederl 
and Vogel [34] published their results obtained from the acid-catalyzed reaction of
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resorcinol with aldehydes in 1940. They proposed a cyclic tetrameric structure for the 
crystalline, high melting compounds they obtained as shown in Fig. 1.12a.
Four years later Zinke and Ziegler [35] also obtained high melting substances by 
treating p-substituted phenols with formaldehyde in the presence o f a base. They as 
well postulated a cyclic tetrameric structure (Fig. 1.12b) for their products as well.
R
(a) (b)
Fig. 1.12 Cyclic tetrameric structures assigned by Niederl and Vogel (a) and 
Zinke and Ziegler (b) to their respective products.
Additional work earned out by Comforth and co-workers [51] in the 1950s concluded 
that the Zinke reaction was not as ‘clean’ as suggested by Zinke, producing mixtures 
o f compounds, although the cyclic tetrameric structure was further supported and 
accepted.
At the same time research was carried out at the Petrolite Corporation in Missuri, 
USA, regarding demulsifiers o f crude oil specific to the individual characteristics of 
the world’s wide range o f oil wells. This led to the synthesis o f a Petrolite demulsifier 
made by oxyalkylating the product from p-te/t-butylphenol and formaldehyde which 
went on the market in the 1950’s. It was initially assumed to be a linear oligomer 
with the structure shown below.
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t-Bu t-Bu t-Bu
Fig. 1.13 Linear structure assigned to the Petrolite demulsifier.
The product however rose complaints from the customers, due to sludges precipitating 
from the solution which made its application difficult. A  five member team was then 
hired to investigate the problem with much of the work earned out by Munch. They 
simulated the experimental procedure in the laboratory, reproducing the formation of 
a very high melting and very insoluble compound. Researching the available 
chemical literature they finally concluded that they had actually isolated a Zinke 
cyclic tetramer following however a different procedure [36] which is now referred to 
as the ‘Munch’ or ‘Petrolite’ procedure for making cyclic oligomers.
In 1972 a research program was initiated at Washington University by Gutsche [31], 
aiming at investigating the Zinke compounds as cavity-containing substances 
appropriate for the synthesis o f enzyme model catalysts. His pioneering work showed 
that careful control of reaction conditions (e.g. solvents, bases, reaction ratios) permits 
the syntheses o f the cyclic tetramer, cyclic hexamer and cyclic octamer from p-tert- 
butylphenol with good yields [37],[38]. In an earlier paper o f Gutsche in 1978, the 
Zinke compounds acquired the name ‘calixarenes’ [32].
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1.3.2. Physical properties of calixarenes
1.3.2.1. Melting points
Due to the extensive hydrogen bond formation between the lower rim’s hydroxyl 
groups in the parent calixarene structure, these compounds ai*e generally characterised 
by high melting points (see Table 1.1).
Table 1.1 Melting points of parent calixarenes.
Compound Melting point (°C)
p-tert-butylcalix [4] arene[3 9] 342-344
p-te/+-butylcalix[5]arene [40] 310-312
p-terf-butylcalix[6]arene [39] 372-374
p-terf-butylcalix [7] arene [40] 249(dec 290)
p-te /t-buty lc al i x [ 8] arene [39] 418-420
p-teTt-butylcalix [9] arene [40] 317-318
p-te7t-butylcalix[ 10]arene [40] 308-310
p-ter/-butylcalix[l ljarene [40] 200-250
p-terf-butylcalix[ 12] arene [40] 294-295
p-ter/-butylcalix [ 13] arene [40] 313-314
p-tert-butylcalix[ 14] arene [40] 317-320
p-/<?rt-butylcalix[15]arene [40] 227-295
p- ter/-butylc ali x [ 16] arene [40] 310-312
p-tert-butylcalix[20jarene [40] 290-292
The nature o f the substituent in the p-position however can greatly affect the melting 
point. Thus, according to Asfari and Vicens [41] some calix[6]arenes derived from p- 
7i-alkyl-phenols (ranging from p-n-octyl to p-n-octadecyl) have melting points as low 
as 110 °C.
Changes in calixarene structure through derivatisation can also influence the melting 
point as expected. Generally speaking esters and ethers of calixarenes have lower
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melting points than the parent compounds [31]. Thus, the tetramethyl and tetrabenzyl 
ethers of p-tert-butylcalix[4]arene melt at 226-228 and 230-231 °C respectively [42].
1.3.2.2. Solubilities
Another characteristic property o f calixarenes is their low solubility in most solvents 
(see Table 1.2), which is mainly attributed to the extensive intramolecular hydrogen 
bonding as in the case of the melting points. The solubility o f calixarenes can vary 
significantly according to the nature o f the p-substituent similarly to what was 
observed with the melting point. The substituents that lower the melting point 
generally increase the organic solvent solubility [42].
Table 1.2 Solubilities of //-ri?rUbutylcalix[4]arene and /?-terf-butyIcalix[8]arene in 
various solvents at 298.15 K [43],[44].
Solvent ^ -----------Solubility (mol dm"3)------------\
p - te r/-b uty lc al i x [4 ] arene p-tert-butylcalix[8]arene
Methanol 5.90 x 10‘4
inoT—<V
Ethanol 3.30 x 10"4
moHV
Af,A-dimethylformamide 1.10 x 10"3 2.20 x 10'3
Acetonitrile 4.73 x 10"5 1.68 x 10'5
Hexane 2.12 x 10'4 2.51 x 10'5
Chloroform 4.34 x 10~3 6.23 x 10'3
Benzonitrile 9.47 x 10'4 1.14 x 10'2
Nitrobenzene 1.83 x 10"2 2.57 x 10'3
A  wide variety o f calixarene derivatives have now been prepared by incorporating 
suitable substituents in their structure and this had produced compounds which are 
more soluble in organic solvents and even in water. Water soluble calixarenes in 
particular were first synthesised in 1984 by Ungaro and co-workers [45] who prepared 
the carboxymethyl ether o f the tetramer. Later in 1984 Shinkai and co-workers 
[46],[47] prepared the sulfonated calixarenes (upper rim substitution) which were 
considerably more soluble in water than the carboxycalixarenes, whilst Gutsche et al. 
[48],[49] prepared aqueous acid-soluble amino calixarenes and aqueous base-soluble 
carboxy calixarenes (by upper rim substitution in both cases) in 1988.
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1.3.3. Stereochemical properties of calixarenes
X-ray crystallographic studies have been extensively used in calixarene chemistry in 
order to provide proof o f structure and conformation in the solid state whilst NMR 
studies in solution [31], [50]. Parent calixarenes are highly flexible molecules being 
characterised by a distinctive capability of undergoing complete ring inversions. The 
transformation between the different conformations is accompanied by the aryl groups 
rotating through the centre (annulus) o f the macrocycle. This interconversion of the 
aryl units between ‘up’ and ‘down’ orientations depends mainly on the number of 
phenolic units present in their structure as well as on the nature o f the substituents in 
the aromatic ring, although temperature and solvent polarity can also play important 
roles.
In the case of /?-terf-butylcalix[4]arene four conformations are possible as initially 
perceived by Comforth [51], with the different numbers o f aryl groups projecting 
upwards or downwards relative to an average plane defined by the bridging methylene 
groups as shown in Fig. 1.14. Gutsche [32] has introduced the terminology ‘cone’ , 
‘partial cone’ , ‘ 1-2 alternate’ and ‘ 1-3 alternate’ to indicate their conformation. Due 
to strong intramolecular hydrogen bonding however, p-tert-butylcalix[4]arene exists 
almost entirely as the ‘cone’ conformer.
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OH
(a) Cone (b) Partial Cone
(c) 1,2-Alternate (d) 1,3-Alternate
R = t-Bu
Fig. 1.14 ‘Up/down’ representations of the conformers of p-te/tf-butylcalix[4] 
arene in solution.
With increasing number of phenolic units in the structure of calixarenes the flexibility 
and variety o f possible conformations escalate considerably. Thus, calix[5]arenes can 
assume four ‘up/down’ conformations [40] (the same number as calix[4]arenes), 
calix[6]arenes can assume eight [40], calix[8]arenes can adopt sixteen [40], etc. Fig. 
1.15 illustrates the different ‘up/down’ conformations adopted by calix[6]arenes. X- 
ray studies earned out by Andreetti and co-workers [52] have shown that p-tert- 
butylcalix[6]arene in the solid state consists o f two arrays of three hydroxyl groups 
looking like a large cone pinched at two opposite methylene groups, a shape which
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Gutsche has called ‘winged’ conformation [31]. Similar studies on the cyclic octamer 
have revealed that p-ter/-butylcalix[8]arene exists in a ‘pleated loop’ conformation 
[53] in which the eight OH groups lie in a circle which takes the undulating form of a 
‘pleated loop’ kept in place by circular hydrogen bonding.
(a) Cone (b) Partial Cone (c) 1,2-Anti
(d) 1,3 -Anti (e) 1,4-Anti (f) 1,2,3-Alternate
(g) 1,2,4-Alternate (h) 1,3,4-Alternate (i) 1,3,5-Alternate
M irro r  image
R = t-Bu Y = OH
Fig. 1.15 Conformations of calix[6]arenes.
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To summarise, when the number o f aryl groups increases, the flexibility o f parent 
calixarenes increases and this is accompanied by a loss o f the ‘cone’ conformation. 
Additional orientations departing from the true ‘up/down’ conformations are also 
present in all calixarenes (e.g. the aryl ring projecting outwards). The likelihood o f 
these orientations however increases with increasing flexibility o f  the system [40]. 
By appropriate functionalisation o f the system in the upper and lower rims 
conformational mobility can be curtailed, freezing the molecule into one or more o f 
the available conformations [54], [55].
1.3.4. Spectral properties of calixarenes
1.3.4.1. N M R  spectra
Due to the symmetry o f calixarenes, their 13C and lH  NM R spectra are simple 
regardless o f ring size. The *H N M R  spectrum o f />-feT7-butyIcalix[4]arene at room 
temperature for example (Fig. 1.16), consists o f three singlets corresponding to the 
aromatic, the tert-butyl and the hydroxyl protons, as well as a pair o f doublets due to 
the bridging methylene protons.
Fig. 1.16 NMR spectrum of /?-fe/7-butylcalix[4]arene in CDCI3 at 298 K.
Temperature dependent N M R  studies first carried out by Kammerer and co­
workers [56] on/?-fer+butylcalix[4]arene in chloroform have shown that at around 20 
°C the methylene hydrogens appear as a pair o f doublets which collapse to a singlet
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when the temperature is raised to around 60 °C. This behaviour can be explained in 
terms o f a cone conformation that interconverts (i.e., cone ^  cone, cone ^  1,2- 
altemate, and /or cone ^  1,3-altemate) slowly on the NM R time-scale at the lower 
temperature but rapidly at the higher temperature.
N M R  studies provide a valuable tool for investigating the conformational behaviour 
o f calixarenes by enabling the measurement o f the rate o f conformational conversion 
o f the mobile calixarenes as well as establishing the conformation o f the immobile 
calixarenes. These can be achieved by observing the position o f the resonance o f the 
bridging methylene protons in the 13C spectrum [57] and the distinctive pattern o f this 
resonance in the *H N M R  spectrum [54] as shown in Table 1.3, Thus, in the case o f 
the I3C spectra o f calix[4]arenes, de Mendoza and co-workers [57],[58] have shown 
that the resonance o f the CH2 protons is near S 31 ppm when the attached phenol 
groups are in the syn orientation (i.e. both groups ‘up’ or both groups ‘down’) and 
near 831 ppm when they are in the anti orientation (i.e. one group ‘up’ and one group 
‘ down’). The ‘de Mendoza rule’ has also been applied in the cases o f calix[5]arenes 
[59] and calix[6]arenes [60] with reasonable success.
Table 1.3 *11 NMR spectral patterns for the CH2 protons of the various
conformations of calix[4]arenes [54].
Conformation *H N M R  pattern
Cone One pair o f doublets (J — 12 Hz)
Partial cone
1,2-Alternate
Two pairs o f doublets (J = 12 Hz) (ratio 1:1) or one 
pair o f doublets (J = 12 Hz) and one singlet (ratio 
1:1)
One singlet and two doublets (J = 12 Hz) (ratio 1:1)
1,3-Altemate One singlet
The resonance arising from the OH groups in the *H NM R spectra varies with the ring 
size. For the parent calixarenes listed in Table 1.4 the value o f the OH resonance
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(5 oh) gives an indication of the strength o f the intramolecular hydrogen bonding: the 
greater the value, the stronger is the hydrogen bond [40]. Intramolecular hydrogen 
bonding is therefore stronger in the calix[4]- and -[6]arenes and weaker in the 
calix[5]- and -[8]arenes as shown in Table 1.4.
Table 1.4 *H NMR resonances of the OH groups in parent calixarenes.
Compound JH NMR resonance (<5qh ppm)
p-terUbutylcalix [4] arene [3 9] 10.34
/?-te/t-butylcalix[5]arene [40] 9.64
p-tert-butylcalix[6]arene [39] 10.53
/?-ter/-butylcalix[7]arene [40] 10.34
p-tert-butylcalix[8]arene [39] 9.60
p-terf-butylcalix[9]arene [40] 9.78
p-terUbutylcalix [ 10] arene [40] 9.24
p-terubutylcalix[ll]arene [40] 9.50
p-tert-butylcalix[12]arene [40] 9.53
p-te/t-butylcalix[ 13]arene [40] 9.45
/?-tert-butylcalix[14]arene [40] 9.32
p-terUbutylcalix[15]arene [40] 9.13
p-terUbutylcalix[ 16]arene [40] 9.02
p-terUbutylcalix[ 17] arene [40] 9.02
/?-ter/-butylcalix[ 18]arene [40] 8.98
p-terf-butylcalix[ 19]arene [40] 9.06
p-tert-butylcalix [20] arene [40] 8-10
1.3.4.2. Infrared spectra
The most characteristic feature o f the infrared spectra o f all parent calixarenes is the 
unusually low frequency of the OH stretching band occurring in the region between 
3100-3500 cm'1. Thus, the stretching vibration o f the OH groups was found around 
3150 cm'1 for the cyclic tetramer and 3300 cm'1 for the cyclic pentamer with the other 
oligomers falling between these limits. The significantly lowered position of the OH
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stretch vibrations is again attributed to the intramolecular hydrogen bonding being 
stronger for calix[4]-, [6]- and -[8]arenes. Calix[5]arene exhibits a more open cone 
conformation than calix[4]arene, whilst calix[7]arene shows an interrupted pleated 
loop conformation compared with the completed loop conformation o f calix[8]arene 
and this leads to weaker intramolecular hydrogen bonding. With increasing numbers 
o f aryl units in the calixarene structure (n>8) flexibility increases and this gives rise to 
diminishing hydrogen bonding. Table 1.5 lists values for the infrared stretching 
frequences o f the OH bond in calixarenes.
Table 1.5 Infrared frequencies of the OH stretching vibrations in calixarenes.
Ring size R group Voh (cm'1) Ref
4 tert- butyl 3179 [39]
4 s o 3h 3232, 3411 [61]
6 tert-buty] 3120 [39]
6 s o 3h 3393 [61]
8 tert- butyl 3190 [39]
8 s o 3h 3242, 3426 [61]
Characterisation o f calixarenes using the ‘fingerprint’ region has limited possibilities 
since a similar spectrum is recorded for all calixarenes between 1500 and 900 cm'1, 
although some variations do exist in the 500-900 cm'1 region.
1.3.4.3. Ultra violet spectra
Apart from TLC, HPLC and *H NM R measurements, UV spectroscopy provides a 
useful tool occasionally employed in macrocyclic ligand chemistry for monitoring the 
course of a reaction as well as investigating the interactions taking place.
Calixarenes show two absorption maxima at 280 and 288 nm in the ultaviolet region. 
The ratio o f the intensity at these two wavelengths is a function o f the ring size, 
ranging from 1.3 for the cyclic tetramers to 0.75 for the cyclic octamers as shown in 
Table 1.6.
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Table 1.6 Absortivities (Elliax, mol'1 cm'1) of calix[n]arenes in two solvents at 280 
and 288 nm.
Ring size R group 280 ± 1 nm 288 ±  1 nm Solvent Ref
4 All tert-butyl 9,800 7,700 Chloroform [62]
5 Me and tert-butyl 14,030 14,380 Dioxane [63]
6 All tert-butyl 15,500 17,040 Chloroform [62]
6 Me and te?t-butyl 17,210 17,600 Dioxane [64]
7 All tert-butyl 18,200 20,900 Chloroform [62]
7 Me and tert-butyl 19,800 20,900 Dioxane [65]
8 All tert-butyl 23,100 32,000 Chloroform [62]
1.3.5. Applications
Calixarenes have developed into a valuable class of macrocyclic host molecules with 
numerous applications within the period o f the last twenty years. Well over 100 
patents have been issued describing the various practical applications o f calixarene- 
based molecules. According to Perrin and Harris [66] the growing interest in these 
compounds is due to the following reasons.
i) Parent calixarenes can be easily prepared in simple one-step procedures. In 
addition large quantities o f product can be readily obtained from cheap starting 
materials.
v
ii) Parent compounds can be chemically modified in various ways and this has 
led to a vast number of calixarene derivatives able to target a wide range of guests.
iii) Calixarenes form a series o f cyclic oligomers ranging from the tetrameric 
calix[4]arene to the octameric calix[8jarene. They are therefore characterised by a 
variety of cavity size and shape and this allows molecular recognition to be 
attained.
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Perrin and co-workers [66], [67] as well as Gutsche [31], [40] have given detailed 
accounts o f the various industrial applications o f these macrocycles. Thus, this 
section gives a review of the main ways in which calixarenes have been or might be 
put to use as determined from industrial chemistry publications and existing patents.
1.3.5.1. Ion sequestration
Metal sequestration is one o f the most important industrial applications involving 
calixarenes. Recent patents for the recovery o f caesium, uranium, lanthanides are 
now explained in detail.
i) Recovery of caesium
The first patent concerning calixarenes for a practical application was issued in 1984 
to Izatt et al. [68]. This patent describes the use of p-terubutylcalix[8]arene for the 
recovery o f caesium from nuclear waste material. The process involves three liquid 
phases (see Fig. 1.17). The first one, the aqueous phase, contains the degradation 
products o f uranium splitting including caesium. The second involves p-tert- 
butylcalix[8]arene dissolved in a mixture o f carbon tetrachloride and dichloromethane 
whilst the third one is distilled and deionised water. The second phase acts as a liquid 
membrane transporting caesium from the first phase to the third.
NUCLEAR WASTE 
MATERIALS _
STIRRER
Cs+
h2o
LIQUID MEMBRANE 
^ CH2CI2 + CCI4
<
OH
Fig. 1.17 Schematic representation of the apparatus used for the recovery of 
caesium using calixarenes.
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ii) Recovery of uranium
The selective extraction o f uranium from sea water has attracted considerable 
attention, due to its importance in relation to energy problems.
One of the main problems in the extraction o f uranium is that a ligand must be used 
which strictly discriminates the uranyl ion (U 022+) from other metal ions present in
O  I
great excess in sea water (concentration o f UO2 is 3 ppb whilst those of the 
competing metal cations are in the range o f 10 ppm). Thus, calixarene derivatives are
required which have a selectivity factor (stability constant, Ks, ratio Ks uo22+ ! Ks 
m2+; M 2+ = N i2+, Cu2+, Zn2+, etc.) greater than 104.
Most o f the recent work in this field comes from Japan with at least six patents issued 
to Shinkai’s group [69]-[74]. A  polymer-bound calixarene (Fig. 1.18) has also been 
reported by Shinkai et al. [75]. This was obtained by treating p- 
(chlorosulfonyl)calix[6]arene with polyethyleneimine which resulted in the formation 
o f gel-like hexamer derivatives immobilised in a polymeric framework.
OH OH
Fig. 1.18 Structure of Shinkai’s calixarene derivative used for the selective 
extraction of uranium.
iii) Lanthanide sequestration
Bunzli and Harrowfield [76] have suggested that p-terf-butylcalix[8]arene may be 
used in solvent extraction and purification o f the lanthanides as well as in lanthanide 
ion catalysis of reactions in apolar solvents since it forms complexes with all 
lanthanide ions which are soluble in organic solvents. An increasing need in
CHAPTER 1. INTRODUCTION 27
investigating the complexation ability, selectivity, separation and extraction properties 
of lanthanides is now posed due to their numerous industrial and biochemical 
applications. A  more detailed review on lanthanide complexation chemistry is given 
in section 1.4.
1.3.5.2. Ion and molecule selective electrodes
Calixarene derivatives have been used for the design of ion selective membrane 
electrodes. Amongst these, electrodes selective for alkali and alkaline earth cations 
have received particular attention because o f their medical importance (e.g. in blood 
analysis). Thus, McKervey, Diamond and co-workers have developed ion selective 
electrodes for Na+ [77]-[79], K + [80], Cs+ [8.1] and Ca2+ [82] using calixarene 
derivatives containing hard oxygen donor atoms such as tetraesters and tetraethers. 
Softer donor substituents on the lower rim of calixarenes including thioether and 
thioamide groups have been used for sensing ‘softer cations’ like A g+, Cu2+, and Pb2+ 
[83]-[84].
Development o f anion selective electrodes has not been characterised with 
comparable successful research. More recently, Hg2+ complexes o f calix[4]arene with 
thioamide groups on the lower rim (see Fig. 1.19) have been published [85]. These 
complexes are incorporated into membranes and show anion selectivity.
i) R 1= R 2 = CH2C(S)N(CH3)2
ii) R j = CH2CH2CH3, R2 = CH2C(S)N(CH3)2
Fig. 1.19 Structure of calix[4] arene derivatives used in the design of anion 
selective membrane electrodes.
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In addition to ion selective electrodes, calixarene derivatives have also been used, 
more recently perhaps, for the development of electrodes sensing a variety of 
molecules including heptanal [86], glucose [87], ammonium and pyridinium 
surfactants [88]-[89] and carboxylic acids [90].
One o f the recent applications o f calixarenes include their uses as sensors in order to 
monitor the activity of chemical and biochemical species. Thus, calixarene-based 
devices have been designed in order to detect the species being monitored. The 
chemical response which is at the molecular level is subsequently converted into an 
electrical or optical signal at the macroscopically observable and measurable level. In 
this context, calixarenes have been employed in a variety o f interesting ways 
including as detectors o f toxic chemicals [91], optical amine sensors [92] and calcium 
sensors [93], Additional uses o f calixarenes for constructing chemically-based 
sensors include.
i) Chromogenic and fluorescent sensors
Calixarene derivatives have shown chromogenic and fluorescent sensing properties, 
i.e. changing colour or fluorescence in response to a change in their environment. 
Thus, calix[4]arene carrying sulfonate groups on the upper rim forms a coloured 
complex with Ce3+ being therefore specific for this ion amongst the rare earths [94], 
Other chromogenic agents involve calixarenes bearing p-nitrophenylazo [95] or 
bridging phenylazo moieties [96] on the upper rim as well as 3-hydroxy-4-nitrophenyl 
and 2-hydroxy-4-(p-nitrophenylazo)benzyl groups on the lower rim. In the latter case 
of calixarene-based sensors shown in Fig. 1.20 a and b, the A,max changes from ca. 350 
and 380 nm in the absence of metal cations to ca. 430 [97] and 520 nm [98] 
respectively in the presence o f L i+ ions.
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OH
Fig. 1.20 Structures of calixarene-based chromogenic sensors.
A  number o f fluorescent calixarene detectors have been prepared by attaching 
moieties such as anthracene [99], pyrene [100] and bithiazolyl [101] to the lower rim 
of calix[4]arenes. In the case o f the pyrene derivative [100], a p-nitrobenzyl group 
being also attached to the lower rim (see Fig. 1.21a) provides a system in which the 
pyrene fluorescence is quenched in the absence of the metal ion but active in its 
presence. A  pH sensor has also been devised from the calix[4]arene shown in Fig. 
1.21 b which forms a complex with Ru2+ and employs its fluorescent properties [102]. 
In this complex the fluorescence becomes a function of whether the calixarene is in 
the phenol or phenolate form.
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(a) (b)
Fig. 1.21 Structures of calixarene-based fluorescent sensors.
ii) Nonlinear Optical Compounds
Compounds exhibiting optical nonlinear active waveguiding properties (NLO ) have 
numerous applications e.g. frequency doubling o f laser light, electro-optical switching 
devices and optical communications. Calixarene-based molecules exhibiting this 
behaviour are usually substituted at the upper rim with an acceptor group and on the 
lower rim with donor groups. They have excellent hyperpolarisability and when 
under the influence of an external electric field non-linear polarisation occurs.
A  number of calixarene derivatives with NLO properties were initially studied by 
Reinhoudt and co-workers [103]. Examples of these compounds bearing nitrogen 
donor atoms on the upper rim are given in Fig. 1.22.
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(a) R = N02
(b) R = C H = C H  N 0 2
R
(c) R = N = N
(d) R = C H = N f /  ^  +'  Nl
w
Rj = CH2CH2OEt; 
Ri = Pr
Fig. 1.22 Structures of calixarene derivatives exhibiting nonlinear optical 
behaviour.
iii)  Other chemical sensors
Calixarene-derived compounds found to detect various solvent vapours in ppm 
amounts have also been reported [104]. These systems are based on quartz micro 
balances or surface acoustic wave oscillators coated with the trimethylsilyl ethers o f 
p-terf-butylcalix[4]arene and p-terr-butylcalix[6]arene.
1.3.5.3. Separation and purification o f neutrai molecules
Due to their ability to host neutral molecules, calixarenes have been used in the 
following processes.
i) Extraction of xylene
Perrin et al. [105] have published the use of paraalkylcalixarenes for the separation of 
isomeric xylenes. According to their findings, selective complexation takes place 
when shaking a mixture consisting o f equal quantities o f o m -  and p-xylenes with 
different calixarenes. Thus, p-isopropylcalix[4]arene is specific for p-xylene, whilst 
p-isopropyl-bishomooxacalix[4]arene for o-xylene.
Vicens and co-workers [106] have also reported the separation of xylenes by 
extractive crystallisation using p-isopropylcalix[4]arene.
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ii) Purification o f fullerenes
Fullerenes are synthesised by arc discharging or vaporisation o f graphite. This 
produces the fullerite or C6o containing soot which also includes some bigger 
fullerenes such as C70. Separation techniques based on chromatography are not 
successful since they are practically inefficient and expensive.
Williams and co-workers [107], Atwood and co-workers [108] and Shinkai and co­
workers [109] almost simultaneously isolated a solid calixarene complex o f C60 by 
mixing toluene solutions o f p-terr-butylcalix[8]arene and C60 containing soot. Two 
recrystallizations o f the complex (initial composition 89 %  C60 and 11 %  C70) yielded 
material o f 99.5% purity from which C60 was obtained. One year later two patents 
were issued to Atwood’ s group [110] and Shinkai’ s group [111].
An X-ray crystal structure o f the 1:1 complex o f /?-terf-butylcalix[8]arene and C60 has 
not yet been obtained but molecular mechanics studies [112] have suggested that it 
takes the form o f a micelle-like trimeric aggregate as shown in Fig. 1.23.
Fig. 1.23 Schematic representation of the 1:1 complex of p-terf-butylcalix 
[8] arene and C60.
More recent studies reported by Isaacs and two people from Atwood’ s group [113], 
have investigated the complexation o f C60 with />benzylcalix[5]arene in toluene (see 
Fig. 1.24). Using high-precision densitometry they measured the change in partial 
molar volume on complexation. Their results have shown that two toluene molecules 
are displaced from the cavity o f the host by C60 upon complexation.
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Fig. 1.24 Schematic representation of the formation of the 1:1 complex of p~ 
benzylcalix[5]arene and Cgo*
i i i )  S epara tion  o fa ro m a tics  and a lk e n e s fro m  gaseous h yd roca rbon  m ixtures  
A  recent patent issued to Tennison and Weatherhead [114] states that the calixarene 
derivatives shown in Fig. 1.25. can be used in the removal o f aromatic and or /alkenes 
(particularly benzene) from gaseous hydrocarbon mixtures. They claim that up to six 
benzene units per calixarene molecule can be selectively removed.
Fig. 1.25 Calixarene derivatives used to remove aromatics and / or alkenes from 
gaseous hydrocarbon mixtures.
iv )  R em ova l o f  ha logena ted  h yd roca rbon s f r o m  w ater supplies
The chlorination of water supplies (for improving their microbiological quality) was 
discovered in 1974 to be accompanied by undesirable side reactions, i.e ., reaction o f 
the chlorine with naturally occurring humic and fulvic acids resulting in the formation 
of trihalomethanes. This gives rise to the presence o f contaminants in water supplies
R
R -  conjugated double bond system 
Ri -  hydroxy, ester or other subtituent 
n = 4, 6, 8
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with carcinogenic properties such as chloroform as well as dichlorobromane, 
chlorodibromomethane and bromoform if bromide ions are also present.
Wainwright [115] has patented the use of non-solvated calixarene compounds e.g. 
te/+-butylcalix[6]arene for the removal o f trihalomethane molecules with high rates of 
reaction, leading to the formation o f highly stable inclusion complexes.
1.3.5.4. Calixarenes as catalysts
Several patents have been issued describing the catalytic properties of modified 
calixarenes in hydrolysis reactions. Some examples of this include the hydrolysis of
2,4-dinitrophenyl phosphate which is moderately catalysed by calixarenes carrying p - 
trimethylammonium groups [116] as well as the base-induced hydrolysis o f p- 
nitrophenyl dodecanoate which is dramatically catalysed by calix[4] and [6]arene salts 
bearing trimethylamino groups in the para position (Fig. 1.26a) [117]. The hydrolysis 
reaction in the latter case is catalysed approximately 105-fold more effectively by the 
derivative shown in Fig. 1.26a(i) than by the one shown in Fig. 1.26a(ii).
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i) n = 6; R = Me or Oct
ii) n = 4; R = Me
(a)
CH2—  C— O— c h 2— c h 3 
O
(b)
R
R
R
R
R
H
c h 2c o 2h
Me
/z-hexyl
n-dodecyl
n = 6 
n = 7 
n = 8
n = 4-hydroxyphenyl- 
propionic acid
(c) (d)
Fig. 1.26 Structures of calixarene derivatives with catalytic properties.
Harris et al. [118] has patented the catalytic properties o f p-ter/-butylethoxycalix[4] 
and [6]arene (Fig. 1.26b) in a free radical polymerisation reaction. In this process the 
calixarene derivative acts as a complexing agent in the polymerisation reaction of 
acrylic monomers using the metal salt as free radical initiator.
A  good example of a well-defined calixarene catalysed addition reaction is the 
addition of water to 1-benzyl-1,4-dihydronicotinamide. This reaction has been
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studied by Shinkai and co-workers [119] who tested the use o f p- 
sulfonatocalix[6]arene derivatives (Fig. 1.26c) as well as Gutsche and Alam [120] 
who investigated the entire series o f p-carboxycalix[n]arenes from the cyclic tetramer 
through the cyclic octamer (Fig. 1.26 d). The results revealed the superiority of p - 
sulfonatocalix[6]arene (Fig. 1.26c) over p-carboxycalix[n] arene (Fig. 1.26d) as a 
catalyst for this reaction, perhaps due to the greater concentration o f negative charge 
at the upper rim of the p-sulfonatocalix[6]arene resulting in the six sulfonato-groups 
being held more tightly in place than the more flexible carboxyethyl moieties.
1.3.5.5. Miscellaneous applications
i)  Langmuir-Blodgett films
Hard and heat resistant films have been obtained with modified methylalix[n]arenes 
[121]. Acetylation of methylcalixarenes (which are practically insoluble in all 
solvents) gives rise to derivatives (Fig. 1.27) highly soluble in organic solvents which 
are hard and very resistant to heat. The highest solubilities in various organic solvents 
are exhibited by the hexamer. The heat-resistant film (up to 400 °C) can be easily 
removed partially or entirely by organic solvents since the film-forming process does 
not involve any chemical modification o f the calixarene.
Fig. 1.27 Calixarene derivatives used in the formation of hard and heat resistant 
films.
ii) Accelerators for instant adhesives
Several patents issued to Hams et al. [122]-[127] claim that certain calixarene 
derivatives can be used as accelerants for cyanoacrylate instant adhesives. Thus 
calixarene derivatives shown in Fig. 1.28 have been shown to reduce bonding times
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on porous substrates such as paper, leather, fabric and woods from minutes to 
seconds. These compounds are employed at levels between about 0.1 and 1 % by 
weight o f the cyanoacrylate composition.
R
Y  = (CH2CH20 )n7 R 
R = alkyl 
n = 4-8 
m = 1-3
(a) (b)
Fig. 1.28 Calixarene derivatives used as accelerators for instant adhesives.
The mode o f action is not entirely clear in these patents, but it is believed to involve 
the generation o f ‘naked’ anionic initiators for the polymerisation which involves 
complexation o f the counter cations.
iii) Ion scavengers for electronic devices
Calixarene derivatives bearing ester and ketone substituents able to complex with 
alkali-metal cations have been shown useful as metal cation-immobilising additives 
for electronic encapsulants such as epoxides and silicones [128]. Ions such as Na+, 
K +, and Cl' can cause corrosion o f metal components or malfunction o f the electronic 
devices. The development of advanced, highly specific and sensitive devices in the 
electronic industry also necessitates the development of compounds with suitable 
alkali-metal sequestering properties. According to the results reported in the patent 
literature [128], the above mentioned modified calixarenes are at least as effective as 
18-crown-6 [129] in extracting the unwanted metal cations. Using 1-5 % by weight 
of a calixarene derivative in epoxide resulted in a drop of the Na+ levels from 240 to 
less than 30 ppm.
iv) Therapeutic and biologically active calixarene derivatives
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The exploration o f calixarene based compounds with therapeutic properties dates back 
in 1955 when Sir Comforth and co-workers [31],[51] studied the use of cyclic 
oligomers (later named calixarenes) as tuberculostatic agents. They used 
oxyalkylated derivatives called Macrocyclons. Forty-one years later D ’Arcy Hart et 
al. [130] reported that in vivo inhibition o f Mycobacterium tuberculosis can be 
induced inside microphages using a calixarene derivative bearing short 
polyethyleneoxy chains on the lower rim.
Recent patents [131],[132] have further investigated the use o f calixarene based 
molecules as therapeutic and biologically active agents and have shown that certain 
derivatives exhibit anti-bacterial, anti-fungal, anti-cancer, anti-viral and particularly 
anti-HIV activities.
Other potential industrial applications o f calixarenes include their uses as 
electrophotographic photoreceptors [133], photographic toners [134], hair dyes [135], 
diesel fuel additives [136], antistatic agents [137], antioxidants [138], curing agents 
[139], temperature sensing devices [140], safety glass compositions [141] and flame 
proofing compounds [142].
Having reviewed some aspects o f macrocyclic chemistry, the following section 
describes the solution properties of lanthanide(III) cations as well as lanthanide 
macrocyclic complexes (including neutral and ionizable macrocycles) which are the 
ionic species investigated in this thesis.
1.4. BRIEF INTRODUCTION TO  LANTHANIDE CHEMISTRY
1.4.1. Chemical properties
The definition o f the lanthanide elements according to IUPAC rules includes the use 
o f the term lanthanides for Ce to Lu, lanthanoids for La to Lu and rare earths for Y, 
Sc, La to Lu [159]. In this work, the term lanthanides is used loosely, including the 
elements from lanthanum to lutetium plus scandium and yttrium. Table 1.7 gives a
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list of the lanthanide elements, their atomic numbers, atomic and crystal radii, as well 
as their electronic configurations [143].
Table 1.7 Some properties of the lanthanide atoms and ions.
Element Symbol
Atomic Electronic configuration
number Atom M 34-
Radius 
M 3+ (A )
Lanthanum La 57 5 dl6s2 [Xe] 1.061
Cerium Ce 58 4/5/6/ 4/ 1.034
Praseodymium Pr 59 4f6 s2 4/ 1.013
Neodymium Nd 60 4fb s 2 4/ 0.995
Promethium Pm 61 4f6s2 4/ 0.979
Samarium Sm 62 4/6/ 4/ 0.964
Europium Eu 63 4/6/ 4/ 0.950
Gadolinium Gd 64 4/ 5 /6 / 4/ 0.938
Terbium Tb 65 4/6/ 4/ 0.923
Dysprosium Dy 66 4/°6/ 4/ 0.908
Holmium Ho 67 4/]6/ 4/0 0.894
Erbium Er 68 4/26/ 4/1 0.881
Thulium Tm 69 4/36/ 4/2 0.869
Ytterbium Yb 70 4/46/ 4/3 0.858
Lutetium Lu 71 4/45 /6/ 4/4 0.848
The lanthanides are the/-type transition elements. Thus, lanthanum (Z = 57, the first 
element in the series) has a [Xe]4/° configuration and lutetium (Z = 71, the last 
element in the series) has a [Xe]4/4 configuration with fourteen 4/ electrons 
successfully being added to the lanthanide configuration.
Scandium has been included in this work although its radii are considerably smaller 
than those o f any of the lanthanides since its behaviour is intermediate between that of
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aluminum and that of lanthanides [144], whilst yttrium is similar in size to gadolinium 
and terbium. Its complexation chemistry therefore closely resembles that of the late- 
middle lanthanides and is generally found in Nature with the lanthanides.
Since the 4f  electrons are relatively uninvolved in bonding, the most common 
oxidation state of lanthanides in solids (like oxides), in solutions and complexes is +3. 
However, cerium can give Ce4+ and Sm, Eu and Yb the M 2+ ions, in aqueous solutions 
and in solids. Initially the existence o f +2 and +4 oxidation states was attributed to 
the enhanced electronic stability associated with empty 4f  (Ce4+), complete single 4f  
( E u 2+, Tb4+) and double 4/4 (Yb2+) occupancy o f the orbitals. This explanation is 
somewhat weak however bearing in mind that some elements give the +2 and +4 
oxidation states without actually attaining the stable f ,  f  or / 4 configurations (e.g. 
Sm and Tm give M 2+ ions with configurations /  and f 3 but no M + species). 
According to Johnson [145] the various oxidation states are better explained in terms 
of ionization enthalpies, enthalpies o f sublimation o f the metals and lattice energies in 
Bom-Haber cycles.
Lanthanides are typically ‘hard’ acid cations having a strong affinity for hard bases 
like oxygen and hat'd anionic donors like carboxylates and phosphonates. Polarisable 
amine nitrogens and donors possessing large dipole moments such as carboxamides 
and sulfoxides also interact well with lanthanide ions [146].
An important aspect o f the lanthanide chemistry is the strongly ionic character of 
lanthanide bonding which is evident in solution and this is discussed in detail by 
Moeller et al. [147] as well as Choppin [148]. According to the former, the 4f  
lanthanide electrons are effectively shielded from interaction with ligand orbitals by 
electrons in the 5s' and 5p orbitals. Thus, if  hybridization is to occur, it must involve 
normally unoccupied higher-energy orbitals such as 5d, 6s or 6p and this can only 
take place with the most strongly coordinating ligands. For this reason, cation-ligand 
interactions are largely electrostatic in nature.
Lanthanide cations are known to exhibit a variety of coordination numbers and 
stereochemistries in the solid state [144]. The most common coordination numbers o f 
lanthanide ions are eight and nine [146], whilst lower numbers previously accepted
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(e.g. 6) have been proven inaccurate due to coordination of solvent molecules which 
raise the true coordination number to 7, 8, or 9 [144]. According to Choppin [148], 
the large and variable coordination numbers o f the lanthanides are a result of the 
interplay between the ionic nature o f the bonds and steric effects.
Tervalent lanthanides are unique amongst metal cations because they exhibit 
luminescense at room temperature. Their luminescent as well as paramagnetic 
properties coupled with the similarity o f chemical properties along the series have 
made lanthanide complexes valuable components for numerous applications. These 
include their uses [143] in the fields o f metals and alloys, ceramics, catalysts, 
magnets, optics and electronics. More recent applications [146],[149] o f lanthanide 
macrocyclic complexes include their uses as relaxation agents for imaging techniques, 
structural and analytical probes, labels (fluoroimmunoassays), solid-state phosphors 
(in television screens), lasers (e.g. yttrium aluminium garnet (Y A G ) lasers) and 
therapeutic radioisotopes.
Another important feature of the lanthanide elements is the occurrence of the 
lanthanide contraction which is now discussed.
1.4.2. The lanthanide contraction
The atomic and ionic size of lanthanides decreases steadily with increasing atomic 
number and this is known as the lanthanide contraction (see Table 1.7 and Fig. 1.29). 
Thus, lanthanum has the greatest radius and lutetium the smallest.
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Atomic Number
Fig. 1.29 Radii of lanthanide ions.
The cause o f this contraction is the poor shielding properties o f the 4/orbitals. As we 
proceed from La to Lu, (or LaJ+ to Lu3+) the nuclear charge and the number of 
electrons 4f  increases successively. The shielding o f one 4f  electron by another is 
very imperfect (much more than with d electrons) due to the shapes o f the orbitals. 
This results in an increase in the effective nuclear charge experienced by each 4f  
electrons, thus leading to a reduction in size o f the entire 4f  shell. The accumulative 
effect o f this is to draw in all the electrons and to result in a more compact atom (total 
lanthanide contraction).
The general decrease in size with increase in atomic number is not quite smooth 
however across the lanthanide series, with the biggest decrease occurring with the first 
/electrons, whilst another large decrease is noted after/, that is after Gd [144]. This 
could be responsible (at least partly) for the variations and irregularities observed in 
certain properties o f these elements.
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Additional work carried out more recently has shown that the lanthanide contraction 
is also partly due to relativistic effects which influence the shielding properties of 
inner shell electrons [150].
1.4.3. Solution properties of lanthanide(lll) cations in non-aqueous 
solvents.
Despite the fact that lanthanide complexation chemistry has been an active field of 
research for the past ten years, very little is known about the behaviour o f these 
cations in solution. Detailed analysis o f the composition and structure of the inner- 
coordination sphere o f the metal-ion is of vital importance in order to understand and 
interpret the solution chemistry o f the lanthanide macrocyclic complexes.
The few studies that have been reported in non-aqueous solvents (some of which are 
conflicting) suggest the presence of anion coordination to lanthanide(III) cations in 
these solvents with certain anions.
Thus, Biinzli and co-workers [151]-[155], have investigated the interaction between 
lanthanide(III) cations and various anions in organic solvents. Using 139La NMR and 
FT-IR measurements [151] they showed the presence o f significant inner-sphere 
interactions between La(III) and various anions in methanol at 296 K. These 
interactions result in the fonnation o f complexes o f the type LaXn(3'n)+ and increase in 
the order
CF3SO3" ~ C104~ < Br“ < cr < n o 3~
Other studies earned out by Biinzli and co-workers include investigations of 
anhydrous solutions o f lanthanide(III) perchlorates in acetonitrile [152],[153], 
europium perchlorate and nitrate in N,/V-dimethylformamide [154] as well as 
lanthanide(III) trifluoromethanesulfonates in propylene carbonate [155].
In the case o f anhydrous Ln(III) perchlorate solutions (Ln = lanthanide) in acetonitrile 
(all solutions prepared were 0.05 M), quantitative FT-IR measurements allowed the
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determination of the number o f unassociated perchlorate ions, C104“ , per Ln(III) ion, 
nu, as shown in Table 1.8 [152]. The temperature at which these experiments were 
earned out was omitted however.
Table 1.8 Average number of unassociated perchlorates per Ln(III) ions, nu, for 
0.05 M  lanthanide perchlorate solutions in anhydrous acetonitrile [152].
Ln(III) ftu Ln(III) nu
La 1.43 + 0.04 Tb 2.11+0.08
Pr 1.78 + 0.08 Dy 2.12 + 0.08
Nd 1.82 + 0.07 Ho 2.13 + 0.07
Sm 1.78 + 0.03 Er 2.07 ±  0.08
Eu 1.92 + 0.08 Tm 2.02 ±  0.05
Gd 1.89 + 0.03 Yb 2.04 ±  0.08
Their results showed that both monodentate and bidentate perchlorate anions are in 
the inner coordination sphere resulting in complicated equilibria between species 
which differ by the number and type o f coordinated perchlorate ions (monodentate or 
bidentate) and probably the number o f coordinated acetonitrile molecules. Two 
changes in the average coordination number across the lanthanide series were shown 
to occur, one between La and Pr and the other at Gd.
As far as europium perchlorate and nitrate in A,ALdimethylformamide is concerned, 
Bunzli et al. [154], demonstrated the absence of inner-sphere interactions between 
C104“ and Eu3+ ions which means that Eu(C104)3 is completely dissociated in this 
solvent (concentration range 0.04 - 0.2 M ) using conductimetric measurements, 
vibrational spectroscopy, electronic absorption and emission spectra and fluorescence 
determinations. The low value in molar conductivity observed for concentrations of 
europium perchlorate higher than 0.05 M  at 298 K  was attributed to outer-sphere 
complexation rather than ion-pairs. In the case of Eu(N03)3 in the same solvent 
however, three different species in equilibrium were identified in the range of 
concentrations studied (0.04 - 0.3 M ): [EiS^NCfyL (DMF)X_4]+, which is the
predominant species (approximately 80% of the total europium concentration),
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[Eu(N03) (DMF)x_2]2+ and the neutral complex Eu(N03)3 (DMF)X.6. The dinitrato 
species appeared to be more stable than the mononitrato complex. Again, the 
temperature in the case o f europium nitrate is not specified.
In the case o f lanthanide trifluoromethanesulfonate (triflate) solutions in anhydrous 
propylene carbonate, Btinzli et al. [155]. studied the extent o f anion association using 
competitive UV-Vis measurements on the following systems: Ln(CF3S 03)3 in
anhydrous propylene carbonate (PC), in the presence of 15-crown-5 (15C5) or t- 
butylbenzo-15-crown-5 (ButB15C5) ether and o f perchlorate anions. The competitive 
chromophore used was the pyridyl-2-azo-p-dimethylaniline (PADA). Conductimetric 
measurements on solutions of Sm(CF3S03)3 in PC (10'3 M ) at 298 K  containing either 
PAD A, 15C5 or both indicated that Sm(CF3S03)3 behaves as a 2:1 electrolyte in this 
solvent at this concentration, whilst little anion dissociation takes place in the 
presence of PAD A  or 15C5 (Table 1.9).
Table 1.9 Molar conductivity values (S mol"1 cm2) of reference salts and 
samarium triflate solutions in PC (10‘3 M ) at 298 K [155].
Salt Am 
S cm2 mol"1
Type of 
electrolyte
Et4NC104 25.2 1:1
(Et4N )2[Co(SCN)4] 49.8 2:1
(Et4N )3[Fe(SCN)6] 75.8 3:1
(n-Bu4N )3[Fe(CN)6] 74.3 3:1
Sm(CF3S03)3 48.1 2:1
Sm(CF3S03)3 + 15C5 (2.3xl0“3 M ) 52.9 2:1
Sm(CF3S03)3 + PAD A (9xl0~4 M ) 46.8 2:1
Sm(CF3S03)3 + 15C5 + PAD A 54.7 2:1
Choppin and co-workers [156] have investigated the ability of the 
trifluoromethanesulfonate ion to coordinate the tervalent lanthanides in anhydrous 
acetonitrile using FT-IR and conductimetric measurements. FT-IR measurements 
have shown the presence o f two main species in solution at the range of
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concentrations studied (10 -33  mmol dm'3), the equilibrium of which was suggested 
to be represented by eqn. 1.1.
Ln(CF3S 0 3) 2+ + CF3S 0 3"   > Ln(CF3S 0 3) 3 (1.1)
The apparent equilibrium constants for the formation o f tris-triflate complexes, X 3,
estimated from these measurements are shown in Table 1.10. The values presented 
are the average of two or three independent measurements.
Table 1.10 Apparent equilibrium constants expressed as logK3 for the
formation of tris-triflate compexes in anhydrous acetonitrile at 298 K  
[156].
Ln(III) log Ln(III) lo gX 3
Gd 2.52 Er 2.45
Tb 2.58 Tm 2.41
Dy 2.53 Yb 2.32
Ho 2.53 Lu 2.33
Molar conductivity measurements were earned out by the same group on two 
solutions containing 1.0 and 10.0 mmol dm~3 of Yb(III) triflate at 298 K. The value 
obtained for the first solution (136 S mol"1 cm2) is in agreement with the accepted 
value for 1:1 electrolytes, whilst the lower second value for the more concentrated 
solution (58 S mol-1 cm2) suggested the presence of even greater association.
These findings are in disagreement however with data reported by Seminara and 
Rizzarelli [157]. According to their results coordination o f trifluoromethanesulfonate 
groups with lanthanides does not occur. These were based on IR, absoiption and 
emission f-f spectroscopic studies, which showed that the sulphonate group of the 
anion is not bound to the lanthanide in complexes with 8-coordinate ligands. The 
trifluromethanesulfonate salts they used in their studies contained nine water 
molecules.
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From the results listed in this section it becomes clear that a critical evaluation of the 
existing data regarding solvation of lanthanide(III) ions in non-aqueous solvents is 
required as well as a systematic investigation including a wide range of concentrations 
in a variety of solvents.
1.4.4. Lanthanide interactions with macrocyclic ligands.
The chemistry of lanthanide complexation has been extensively discussed in several 
review articles [146],[147],[149],[158],[159]. The scope o f this section is to give a 
brief survey on macrocyclic ligand complexation by summarising the available 
thermodynamic data in general and those concerning calixarenes in particular.
1.4.4.1. Lanthanide complexes with neutral macrocycles
A  large variety o f neutral macrocyclic ligands are able to complex lanthanide cations, 
some of which are represented in Fig. 1.30, mainly through ion-dipole interactions 
between the donor atoms o f the ligand and the charge of the cation. Solution studies 
involving tervalent cations and macrocyclic ligands however have been mostly 
confined to stability constant measurements. Publications with data on enthalpies of 
complexation and significant insight on the role of the reaction media in the binding 
process are indeed very rare.
In the case of cryptands, some lanthanide complexes have been isolated and their 
solid-state structure investigated by X-ray crystallography [160],[161]. These studies 
have shown that the complexed cation always lies inside the cavity o f the ligand in the 
endo-endo configuration. As expected, the lanthanide cations were found to 
coordinate to solvent molecules as well as the counter-anion besides the ligand donor 
atoms, since they have high coordination numbers.
Some of the stability constants o f the 1:1 lanthanide(III) cryptates determined by 
electrochemical or spectrophotometric methods in water H20  [162], methanol 
(MeOH) [163], propylene carbonate (PG) [164],[165], dimethylsulfoxide (DMSO) 
[166], 7V,A-dimethylformamide (DMF) [167] and acetonitrile (A N ) [168], at 298.15 K
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are listed in Table 1.11. In some cases data on enthalpies and entropies of 
complexation have been reported based on the temperature variation of stability 
constant data (van’t Hoff equation) and these are listed in Table 1.12.
/  \
X = O, m= 1:15C5 m=l-21
X = O, m = 2:18C6 m
X = NH, m = 2: A$18C6
O O-
pyo2[18]dieneN6
u ° ) ,
m  = n = 0 : 211 
m = 0 ; n =  1 :2 2 1  
m = n= 1: 222
Fig. 1.30 Structures of some macrocyclic ligands able to complex lanthanides.
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Table 1.11 Stability constants of tervalent lanthanide cryptates at 298.15 K.
Cation 21 22 211 221 222 Ref
La3+
/ YY aid y
6.59 6.45 [162]
Pr3+ 6.58 6.37 [162]
Sm3+ 6.8 6.76 5.94 [162]
Eu3+ 6.8 5.90 [162]
Gd3+ 6.7 [162]
Tb3+ 6.6 [162]
Ho3+ 6.21 6.2 [162]
Er3+ 6.60 [162]
Tm3+ 6.8 6.88 [162]
Yb3+ 6.51 [162]
Lu3+ 6.55 [162]
TN • ,1 I If* • 1
Pr3+
/ uimcmyisuiioxiac ..........Y
3.86 3.47 3.22 [166]
Nd3+ 3.97 3.01 3.26 [166]
Gd3+ 3.87 3.26 3.45 [166]
Ho3+ 3.80 3.11 3.47 [166]
Yb3+ 4.43 4.00 4.11 [166]
La3+
/ i lujtyicuc cdiuuiiaie \
14.4 16.5 15.1 18.6 16.1 [165]
La3+ 12.91 [164]
Ce3+ 14.20 [164]
Pr3+ 14.5 16.1 15.51 18.7 15.9 [165]
Pr3+ 15.88 [164]
Sm3+ 14.9 16.5 15.3 19.0 17.3 [165]
Sm3+ 15.99 [164]
Eu3+ 14.6 16.5 15.2 19.0 17.2 [165]
Gd3* 16.5 15.4 16.8 [165]
Tb3+ 16.58 [164]
Dy3+ 15.1 16.9 15.4 19.0 17.1 [165]
Er3* 14.8 16.9 15.5 19.2 16.8 [165]
Yb3+ 15.4 16.9 15.6 19.1 18.0 [165]
Yb3+ 17.56 [164]
La3*
/ Methanol— \
7.08 8.28 [163]
pf3+ 7.94 9.31 [163]
Nd3+ 7.86 9.86 [163]
Sm3+ 7.00 9.70 [163]
Eu3+ 8.59 10.57 [163]
Gd3+ 7.67 10.14 [163]
Tb3+ 8.29 10.26 [163]
Dy3+ 8.96 10.45 [163]
Ho3+ 8.81 10.86 [163]
Er3+ 8.66 10.78 ' [163]
Tm3* 9.46 11.61 [163]
Yb3* 12.00 [163]
Sm3+
/ i v v -uinieiny iiormaixiiuC ............... Y
<2 4.06 2.9 2.7 ■ [167]
Eu3+ <2 4.69 3.2 2.9 [167]
Yb3+ <2 4.52 3.3 2.9 [167]
Sm3+
/ Acetonitrile— \
9.9 9.8 11.6 11.0 [168]
Eu3+ 9.7 9.1 11.3 11.4 [168]
Yb3+ > 10.6 9.5 11.6 10.6 [168]
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Table 1.12 Thermodynamic parameters for the complexation of tervalent 
lanthanide cryptates at 298.15 K.
Cryptate
complex
ACG° 
(kJ mol'1)
A CH °  
(kJ mol'1)
ACS°
(J K '1 moT1)
Ref
/ w aid' - \
[Eu3+222] -19.24 16.74 121.3 [170]
[Eu3+221] -33.89 7.95 140.2 [170]
/ r  ropyieiie cdruondi^” \
[La3+222] -91.63 -77.40 46.0 [165]
[La3+222] -73.64 -54.39 62.8 [164]
[Ce3+222] -80.75 -76.57 14.6 [164]
[Pr3+222] -90.79 -104.60 -41.8 [165]
[Pr3+222] -86.19 -94.56 -28.0 [164]
[Sm3+222] -91.21 -96.23 -16.7 [164]
[Sm3+222] -93.30 -96.23 -8.8 [164]
[Tb3+222] -94.97 -104.18 -30.9 [164]
[Er3+222] -99.23 -112.97 -50.2 [165]
[Yb3+222] -99.16 -106.69 -23.8 [164]
[Pr3+221] -108.36 -138.07 -100.4 [165]
[Er3+221] -110.04 -146.44 -117.1 [165]
[Pr3+211] -88.28 -28.87 200.8 [165]
[Er3+211] -88.28 -37.66 163.2 [165]
[Pr3+22] -91.63 -129.70 -129.7 [165]
[Er3+22] -96.65 -154.81 -192.5 [165]
The following conclusions can be drawn from these data.
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i) Inspection o f the stability constant values in Table E l l  shows that a large 
variation is observed in these data depending on the reaction medium. The 
stability o f tervalent lanthanide cryptates increases in the following order.
DMF < DMSO < H20  < MeOH < AN  «  PC
ii) The majority o f the data in Table 1.11 suggest that cryptand 221 binds 
lanthanides better compared with cryptand 222. This could be partly 
attributed to a better match between the cavity of cryptand 221 (cavity radius 
1.1 A ) relative to cryptand 222 (cavity radius 1.4 A ) and the size o f the 
lanthanide cations.
iii) An important conclusion that can be drawn from the results in Table 1.11 is 
the lack o f metal ion selectivity (see also Fig. 1.31 for an illustration of the 
variation of the stability constant, log K s, with the atomic number for some 
lanthanide cryptates). Thus, the cryptands studied are not able to discriminate 
between the various lanthanide cations in these solvents and this has been 
attributed to the small difference in size between these cations compared with 
alkali and alkaline-earths (about 0.1, 0.3 and 0.2 A  respectively).
iv) A  general analysis on the enthalpy and entropy contribution to cryptate
stability (negative A CG ° values) based on the data in Table 1.12 shows the
following. In propylene carbonate the complexation process is enthalpically 
controlled whilst in water is entropically controlled. The accuracy of these 
results however should be treated with caution due to the limitations of the 
van’ t Hoff equation used to derive them [169].
v) Slow rates of complex formation were observed in some solvents (e.g. 
propylene carbonate) [164] due to the slow removal (partial or total) o f the 
solvation shell o f the highly charged lanthanide cations. The results obtained 
in water, regarding the kinetics o f complexation suggest that- partial 
desolvation of the lanthanides takes place upon comlexation [170].
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Danil de Namor et al [171] has recently studied the complexation process involving 
lanthanide cations (La3+, Pr3+ and Nd3+) with cryptands 222 and 221 in acetonitrile 
and propylene carbonate at 298.15 K. Titration calorimetry was used in order to 
derive enthalpy data, whilst stability constant determinations were carried out by 
potentiometric measurements with the silver electrode (see Table 1.13).
Table 1.13 Stability constants of lanthanide(III) cations and cryptands in 
acetonitrile and propylene carbonate [171].
^  log A' j  x
Cryptate
complex Acetonitrile Propylene carbonate
[La3+222] 10.81 ±0.01 16.10 ±0.04
[La3+221] 11.39 ±0.03 18.56 ±0.02
[Pr3+222] 11.01 ±0.01 15.90
[Pr3+221] 11.52 ±0.03 18.70 ±0.06
[Nd3+222] 11.06 ±0.01 15.99 ±0.01
[Nd3+221] 11.65 ±0.04 18.73 ±0.01
The results show that the stability constants in propylene carbonate are higher than in 
acetonitrile. The lack of metal ion selectivity reported in the earlier studies is again 
observed in acetonitrile, in which case similar stabilities are also observed for both 
ligands. In propylene carbonate however, the 222 cryptates are more stable than their 
corresponding 221 cryptates by about 2.5 log units suggesting that stability constants 
are ligand dependent in this solvent.
A  general analysis of the thermodynamic parameters in acetonitrile showed that the 
complexation process is favoured in terms o f enthalpy but not entropy with A CH °  
becoming more negative along the lanthanide series (with increasing cation charge 
density). In propylene carbonate, the process is favoured in terms o f enthalpy and in 
terms o f entropy for the complexes with cryptand 222 and for La3+222, but enthalpy 
controlled.
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Three major points arose from analysing the results obtained in terms of entropy.
i) The more positive A CS° in propylene carbonate was associated with a greater
release of solvent molecules in this case. The entropy gain in propylene 
carbonate was therefore suggested to be the major cause for the higher 
stability o f lanthanide cryptates in this solvent with respect to acetonitrile.
ii) The more favourable (positive) entropies of complexation observed for 
cryptand 221 were explained on the basis of a greater desolvation of the 
lanthanide cations when entering this cavity which seemed reasonable to 
suggest bearing in mind that the cavity size o f cryptand 221 is smaller than 
that of 222.
iii) Lanthanide cations retain a part o f their solvation shell when complexed by 
cryptands (if they were fully desolvated, a loss o f entropy would be expected 
from Nd3+ to La3+ however the opposite is observed).
Comparison of single-ion enthalpies o f transfer, AH°t , o f lanthanide(III) cations from 
propylene carbonate to acetonitrile (obtained from three independent sets of 
experimental data) with corresponding single-ion AH°t values for the complexed 
lanthanide cations showed the following identity.
A H° , [ MZ+](PC-> A N )  =  A H ° , [ M i+->  (1.2)
The validity of this identity suggests that propylene carbonate and acetonitrile are able 
to selectively recognise the presence o f the tervalent uncomplexed cation (by direct 
interaction or through the ligand). Lastly, enthalpies of coordination o f lanthanide 
cryptates in the solid state were determined (the two sets o f values derived in the two 
solvents from the thermodynamic cycle were in excellent agreement) which suggested 
that the stability in enthalpic terms in the solid state is greater for lanthanide 221 
cryptates with respect to the corresponding lanthanide 222 cryptates.
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As far as crown ethers are concerned, stability constants o f their complexes with 
lanthanide(III) cations have been reported in a number o f solvents using mainly 
spectrophotometric and calorimetric measurements [172],[173]. Representative 
examples involving 1:1 complexes of 18 crown 6 and 15 crown 5 are listed in Table 
1.14.
Table 1.14 Stability constants of lanthanide(IIl) cations and crown ethers in 
acetonitrile and propylene carbonate.
Cation 15C5 18C6 Ref
------------------ Propylene carbonate------------------ ^
La3* 6.38 [172]
Pr3+ 6.97 [172]
Sm3+ 7.34 8.23 [172]
Eu3+ 8.07 [172]
Tb3+ 7.10 7.99 [172]
Er3+ 7.50 [172]
Yb3+ 7.25 [172]
L u3+ 7.50 7.20 [172]
y -----------------------Acetonitrile---------------------- ^
La3+ 6.1 2.8 [173]
Ce3+ 5.6 4.5 [173]
The predominant factors which affect the stoichiometries as well as stabilities of
crown ether complexes with lanthanides are
i) The size o f the hole o f the crown ether
ii) Donor atoms in the ligand
iii) The effect o f substituents in the ligand structure
iv) The nature o f the solvent
Crown ethers are weaker complexing agents for the lanthanide cations than cryptands 
[174]. This is graphically represented in Fig. 1.31 which illustrates the variation o f
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the stability constant, lo gK 5, with the atomic number for some lanthanide(III)
complexes o f cryptands and crown ethers (atomic number was chosen rather than 
ionic radius due to the ambiguity associated with their coordination number). The 
La3+ complex of cryptand 21 in propylene carbonate for example is more stable by 
about 8 log units [149] than the corresponding complex with 15C5 (Fig. 1.31) despite 
their similar structure. This difference in stability could be partly attributed to the 
presence of the polarisable nitrogen donor atoms in 21. The affinity o f lanthanides for 
polarisable amine nitrogen donor atoms is also confirmed by two further examples 
involving pyo2[18]dieneN6 and A 618C6. In the latter case all oxygen donor atoms 
have been replaced by NH groups, both ligands being shown in Fig. 1.30. These 
ligands form stable complexes with lanthanides even in water with stability constant 
values ranging from 9.1 to 11.8 along the series for the first ligand [175] and 7.4, 8.1 
for the second one with La3+ and Gd3+respectively [176].
Atomic Number
Fig. 1.31 Illustration of the variation of stability constant with atomic number 
for some lanthanide(III) complexes with cryptands and crown ethers in 
propylene carbonate.
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1.4.4.2. Lanthanide complexes with calixarenes
Parent calixarenes and their chemically modified derivatives bearing substituents with 
hard donor atoms are expected to bind lanthanide cations since they satisfy the 
demands o f these hard cations as well as their requirements for high coordination 
numbers. Thus, Harrowfield and co-workers [177]-[182] have established the crystal 
structures o f a number of lanthanide complexes with p-tert-butylcalix[4]arene, p-tert- 
butylcalix[6]arene and /?-tert-butylcalix[8]arene. The binuclear complex o f europium 
with p-terf-butylcalix [8] arene isolated by Harrowfield and co-workers [183] from 
MA-dimethylformamide was the first lanthanide complex with a parent phenolic 
calixarene whose structure was established by X-ray crystallography.
A  number of research articles have been reported in the literature aiming to 
investigate the extraction properties o f calix[4]arene derivatives for lanthanide cations 
from water to non-aqueous media. A  recent article in this area reporting the 
lanthanide solvent extraction capabilities o f the calix[4]arene derivative shown in Fig. 
1.32 as well as the structure determinations o f some of its lanthanide(III) complexes 
has been published by Beer and co-workers [184].
Fig. 1.32 Structure of the calix[4]arene derivative used in Beer’s extraction 
studies [184].
Thus, the structures o f lanthanum, samarium, ytterbium and lutetium complexes of 
this ligand were established by X-ray studies and they are all consistent with the 
lanthanide cation being fully encapsulated in an eight-coordinate polar environment. 
Their conclusions regarding solvent extraction o f lanthanide cations from water to 
dichloromethane indicated that under optimal experimental conditions (e.g. pH), their
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calix[4]arene derivative exhibited generally very high percentage extractabilities for 
most cations as shown in Table 1.15 (the temperature at which these extraction 
experiments were carried out was not reported).
Table 1.15 Extraction percentages (from water into dichloromethane) at for 
lanthanides cations using the ligand shown in Fig. 1.32 [184].
Cation La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Extractability 87 82 83 98 75 89 63 72 71 87 83 84 41 64
(% )
Extraction experiments as well as complexation data involving lanthanides and
calixarenes have been reviewed by Roundhill [185], McKervey et al. [186] and
Amaud-Neu [149]. Fig. 1.33 shows representative examples of upper and lower rim 
calixarene derivatives bearing hard donor groups whose binding and extraction 
properties towards lanthanides have been investigated.
Table 1.16 summarises stability constant data for the complexation o f three lanthanide 
cations with upper and lower rim calix[n]arene derivatives shown in Fig. 1.33 in three 
non-aqueous solvents. The sources o f this table are references [186] and [149]. It has 
to be stated that in the case o f the second reference however it is unclear whether the 
temperature assumed to be 298.15 K  in the caption of Table 1.16 is indeed so.
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1. Phenols 2. Amides 3. Acids
4. Dioxa-tetraester 5. Trioxa-triacid 6. Diacid-diester
7. Monoacid-triester 8. Diphenol-monoethylester-monoacid
Fig. 1.33 Structures of chemically modified calixarenes able to bind lanthanides.
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Table 1.16 Stability constant determinations involving lanthanide cations and 
calix[n]arene derivatives in three non-aqueous solvents at 298.15 
[186],[149].
Structure Ring 
No size
R R'
Pr.3+
Log/3
Eu3+ Yb 3+
/ lviemanoi-------- \
2 4 Et 8.5 8.7 8.1
4 Pyrrol. 8.1 8.0 8.2
6 Et 4.4
6 Pyrrol. 5.2
3 4 20.7 25.0 24.8
6 CH2C 0 2But CH2C 0 2H 13.5 13.4 14.4
7 CH2C 0 2H CH2C 0 2Et 8.3 8.3 9.3
CH2C 0 2H CRCOzBu1 8.8 8.5 9.4
5 17.0 15.9 18.0
8 22.9 23.2 24.8
9 (CH2)3 4.8
9 (CH2)4 4.1
9 Ph 3.7
/
1 4
iv+v-aimernyiToimamiae-
iPr 3.4
\
3.6 3.5
6 iPr 3.5 3.1 3.5
8 iPr 4.7 4.8 4.5
Acetonitrile-
5.1 4.6 3.4
The following conclusions can be drawn from the above table.
i) Quite clearly complexes with carboxylic acid groups are more stable than the 
ones with neutral groups since ion-ion interactions are stronger than ion-dipole 
interactions.
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ii) The lanthanide complexes of p-tert-butylcalix[6]arene hexamide (R = Et, or 
pyrrolidinyl) are less stable than the corresponding ones o f p-tert- 
butylcalix[4]arene tetraamide in methanol, which is quite surprising 
considering that the former ligand has a greater number o f donor atoms.
iii) The stability o f the lanthanide complexes with the dioxa-tetraester derivative 
(structure 4), decreases from Pr3+ to Yb3+ in acetonitrile and this was attributed 
to the comparatively large cavity o f this ligand (1,2-altemate conformation) 
providing a better fit for the larger lanthanide cations,
iv) The lanthanide complexes of the octamer bearing isopropyl groups in the para 
positions instead o f Ubutyl (structure 1), are slightly more stable than the 
corresponding ones with the tetramer and the hexamer in N,N- 
dimethylformamide.
v) The binding ability o f the calixarene-based ligands tested towards 
lanthanide(III) cations in methanol follows the sequence.
Tetra-acid < Diphenol-monoethylester-monoacid < Trioxa-triacid
It should be stated however that these complexes are predominant at higher pH only, 
since at lower pH the corresponding protonated species are also cations.
Shinkai et al. [187] have also investigated the binding properties of the water soluble 
upper rim derivative o f p-ter/-butylcalix[4]arene shown in Fig. 1.34 with all tervalent 
lanthanide cations in water using pH-metric measurements at 298.15 K.
Fig. 1.34 Structure o f the sulfonated derivative o f calix[4]arene.
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According to their findings this derivative which behaves as a diacid with respect to 
the phenolic hydroxy groups since the dissociation of the third and fourth hydroxy 
groups was not achieved, forms very stable complexes with the lanthanides as shown 
in Table 1.17.
Table 1.17 Overall stability constants for the complexation of the sulfonanted 
calix[4]arene derivative and lanthanide(III) cations in water at 298.15 K 
[187].
Cation y 3+ La3+ Ce3+ P r 3+ Nd3+ Sm3+ Eu3+ Gd3+
L ° g £ ML2OH 2 1 . 8 8 19.26 20.25 20,51 20.57 20.90 21.02 20.93
Cation Tb3+ Dy3+ H o 3+ Er3+ Tm3+ Yb3+ L u 3+
L ° S / m l2oh 21.33 21.47 21.56 21.66 22.01 22.76 22.42
These results again show the absence o f any significant variation o f stability across 
the series but their uncertainty due to the large magnitude o f the stability constant 
values must be considered.
A  number of bridged calixarenes in their cone conformation have also been studied. 
A  representative example is the Schiff base bridged calixarene shown in Fig. 1.35.
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* < 0
Fig. 1.35 Structures of three Schiff base bridged calixarenes.
Extraction experiments for europium picrates from water into dichloromethane at 293 
K  and stability constant measurements in methanol at 298 K  determined by UV 
spectrophotometry involving this bridged calixarene have been reported [188], the 
results o f which are presented in Table 1.18.
Table 1.18 Solvent extraction of europium picrates from water to 
dichloromethane at 293 K and stability constants for the europium 
complexes of the Schiff base bridged calixarene in methanol at 298 K
[188].
R Extractability (% ) Log/3
(CH2)3 13 4.8
(CH2)4 14 4.1
o 5 3.7
The above results show that the stability o f the 1:1 europium complexes o f the 
bridged calixarenes investigated in methanol, decreases for the more rigid aromatic 
ligand as well as for the longer substituent.
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In summary, from the above discussion it is clear that most of the data reported on the 
interactions o f calixarene derivatives and lanthanide cations are limited to the 
determination of stability constants which in fact has been scarcely reported, whilst 
enthalpy and entropy data regarding these systems are practically absent from the 
literature.
1.4.5. Lanthanide complexes with ionizable macrocycles
Apart from calixarenes, several other macrocycles bearing ionizable groups are able 
to complex lanthanide cations some of which are represented in Fig. 1.36. The 
majority of these macrocycles contain carboxylic acids in their structure and as a 
result i) they are able to form stable complexes with lanthanide cations due to the 
strong electrostatic interactions with the triply charged centres, ii) they bind 
lanthanide cations selectively over alkali and alkaline-earth cations and iii) they are 
soluble in water and form water soluble complexes. Furthermore, these compounds 
are able to form non-ionic complexes with the lanthanides. A  large number o f 
derivatives with ionizable groups has now been synthesised with different type and 
number of donor atoms and ring sizes, in order to investigate the effect o f the various 
substituents and rigidity of ligand on the complexation process. The available data 
however have again been restricted to stability constant measurements.
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R = C02H, m = 1: DAPDA 
R = C02H, m = 2: DACDA
R = C02H: NOTA 
R = HP03: NOTP 
R = PO(OH)OEt: NOTPME
R = C02H: DOTA 
R = H2P03: DOTEP
R \  / 
N
c
R V  ,N 
R
R
N '^ R "
N ^ R "  
R
R = C02H, R’ = R" = H: D03A 
R = C02H, R‘ = H, R" = CH3: D03MA
R = C02H: TETA
Fig. 1.36 Structures of ionisable macrocycles.
The determination of the stability constants of lanthanide complexes with the fully 
deprotonated complexes of polyamino polycarboxylate ligands has often been carried 
out with the aid o f a competitive ligand (e.g. ethylenediaminetetraacetic acid, EDTA)
[189]. Thus the ligand DACDA [149] binds less well than EDTA with stabilities 10.8 
< log/J < 12.2 and 15.5 < log(3 < 19.8 respectively. There is not an apparent 
selectivity trend across the lanthanide series in terms of stability in the case o f the
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DACDA ligand although it selectively binds lanthanide cations over alkali and 
alkaline-earth cations. The 15-membered DAPDA [149] forms complexes with 
comparable stabilities as DACDA (10.1 < log/3 < 11.9) as it is expected since their 
structures are very similar. However it shows selectivity for Eu3+. The octadentate 
ligand DOTA [190], does not show any significant selectivity pattern, but forms very 
strong complexes with the lanthanides ions (28.2 < log (3 < 29.2). TETA [190] forms 
complexes with similar stabilities as EDTA (14.5 < log(3 < 16.5). In this case the log/3 
values increase along the lanthanide series with the increase in charge density as with 
DOTA, a fact which suggests that the stability o f these complexes depends largely on 
the electrostatic nature o f the bonds rather than on steric factors.
A  lot of research activity has now been focused on paramagnetic gadolinium 
complexes as commercially important agents in magnetic resonance imaging. The 
highest stability heptadentate gadolinium complex is formed with D 03M A (log(3 = 
25.3) [191]. DOTA also seems to form very stable gadolinium complexes but there is 
a significantly large uncertainty associated with the reported stability constant values 
(28.0-23.60 log units), whilst a recent study reported a value o f log/3 = 22.1 from 
kinetic measurements [192]. Martell et al. [189] has explored the complexing 
properties o f triazamacrocyclic ligands with three pendant acetate groups towards 
gadolinium by increasing the number o f the ether oxygen atoms. According to his 
findings the most stable complex is formed with the 12-membered ring (most rigid), 
whilst the 18-membered ligand (although more flexible) binds slightly better than the 
15-membered one. A  general decrease in stability was noted however with increasing 
cavity size.
Several macrocycles containing phosphonic (NOTP) [193] and phosphinic acids 
(DOTEP) [194] as the ionizable functions have also been synthesised and tested for 
complexation with lanthanides. One of the applications o f these compounds is to 
monitor intracellular cation concentrations by 31P NMR spectroscopy. The 
predominance o f the electrostatic nature o f binding is again evident in this type of 
compounds. In the case o f DOTEP, all the donor atoms are less basic than those of
DOTA or DOTP (R P 0 2 group is more electron-withdrawing than C 0 2 and PO f~ ) 
and this leads to lower stability complexes.
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Amaud-Neu and co-workers [195],[196] have recently investigated the binding 
abilities of a series o f chemically modified calixarenes containing ionizable 
carboxylic groups at the lower rim (see Fig. 1.37) towards alkali, alkaline-earth metal 
cations and three lanthanides (Pr3+, Eu3+ and Yb3+), in methanol using potentiometric 
measurements. The formation o f 1:1 species partially protonated [M (HZL )] and 
totally deprotonated (M L), methoxy species [M L(OM e)z] as well as additional 
binuclear complexes and their methoxy forms were established with the lanthanides 
depending on the solution pH. Their work also showed that the strength of 
complexation increases with cationic charge. Thus, lanthanide complexes are as 
expected more stable than the corresponding alkaline-earth and alkali metal 
complexes (for example europium III complexes with la  and Id are respectively 11 
and 14 log units more stable than the corresponding calcium complexes and 14 and 19 
log units more stable than the corresponding sodium complexes).
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la R = H
lb R = CH2C02But 
lc R = CH2C02Et
o, CQ2Et
Ila R = H
lib R = CH2C02Bul
Ilia R = H
fflb R = CH2C02Et
IIIc R = CH2C02H
IVa n = 4, R = OH 
IVb n = 8, R = OH 
IVd n = 8, R = OEt
V n = 4, R = NEt2
VI n = 4, R = NC4H8
IVb
Fig. 1.37 Structures of some ionizable calixarene derivatives.
Further evidence supporting the predominance o f electrostatic interactions in the 
stability o f the complexes was also provided by a linear relationship between the 
stability o f mononuclear complexes and the total basicity o f the ligands. They
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concluded that the global binding ability o f the ligands tested towards Yb3+ 
(independently o f the type o f complexes formed) follows the sequence
lb < lc < lib < Ia < Id < IVa < IIIc < IYc
Thus, the /?-terUbutylcalix[8]arene octaacid, IVc, was found to be the best 
complexing agent for the lanthanides.
Having outlined some of the research carried out in the field o f solution chemistry of 
lanthanide cations and their macrocyclic complexes, the following section states the 
aims o f the present thesis.
1.5. AIMS OF THE PRESENT W O R K
A  general conclusion that can be drawn from the literature survey presented in the 
previous sections, is that a detailed thermodynamic investigation on macrocycles and 
lanthanide cations has not been carried out, despite the increasing applications of 
these cations in chemistry, biology and medicine due to their magnetic and 
luminescent properties.
As far as calixarenes are concerned, very few derivatives have been tested in contrast 
to alkali and alkaline-earth cations [169], whilst data on enthalpy and entropy 
involving these ligands and lanthanide cations are absent from the literature.
The design o f a wide range o f macrocyclic ligands able to target lanthanide cations 
and the detailed study and quantification o f the host-guest interactions involving these 
systems are important areas in supramolecular chemistry, because they offer the 
possibility to optimise the magnetic and luminescent properties o f these cations and 
subsequently their applications.
This project explores the complexing abilities of various calix[4]arene derivatives and 
a cryptand (cryptand 222) shown in Fig. 1.38 towards lanthanide cations in two 
dipolar aprotic media at the standard temperature.
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Fig. 1.38 Structures of macrocyclic ligands.
Previous work earned out at the Thermochemistry Laboratory reported the 
thermodynamics o f complexation of cryptands 222 and 221 and three lanthanide 
cations (La3+, Pr3+, Nd3+) in acetonitrile and propylene carbonate [171] as previously 
described. A  major problem encountered in the attempts to extend this investigation 
to other cations and other solvents was the slow kinetics of the complexation process. 
Recent developments in the design of calorimetric equipments [197] have led to the 
availability o f a microcalorimetric system which can follow the course o f slow 
processes and consequently, the derivation of thermodynamic date for these 
processes.
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The reaction media selected for the complexation studies reported in this thesis are 
acetonitrile and N ,N -d\methylformamide. The choice of acetonitrile was based on the 
reasonably high solubilities of the calix[4]arene derivatives investigated, so as to 
allow accurate experimental measurements. A,A-dimethylformamide was chosen as it 
expected to be a very good solvator for cations. Thus, analysis of the results obtained 
in the two solvents will allow us to assess the important role of the reaction medium 
on the binding process.
The aims of this thesis are:-
i) To investigate host-guest interactions involving calix[4]arene derivatives and 
neutral solvent molecules and their influence on the conformational state of 
calixarenes using molecular modelling studies.
ii) To establish the presence or absence o f interactions between the different 
calixarene derivatives and the lanthanide cations as well as the sites of 
interaction in acetonitrile and in A,A-dimethylformamide at the standard 
temperature using *H NMR studies.
iii) To determine the various lanthanide species in solution and stoichiometry of 
the complexation (in the cases where there is interaction) using conductimetric 
techniques at the same conditions of solvent and temperature.
iv) To determine the strength o f complexation of lanthanide(III) cations and the 
different calixarene derivatives as well as cryptand 222 in acetonitrile and in 
A,A-dimethylformamide using potentiometry and titration calorimetry (macro 
and micro).
v) To proceed with the isolation o f the metal-ion complexes based on stability 
constant data.
vi) To study in detail the solution thermodynamics o f the host, guest and resulting 
complex by determining their standard enthalpies o f solution in the 
appropriate solvent using classical calorimetry.
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A  brief summary o f the lay out of this thesis is as follows.
The general experimental procedures followed in this work including list of chemicals 
and their sources, purification o f solvents and chemicals, as well as preparation of 
metal-ion complexes is given in chapter 2.
Molecular modelling studies, *H NM R experiments, conductimetric studies, 
thermodynamics o f complexation and solution calorimetry which form the basis of 
the present research are described separately in chapters 3, 4, 5, 6, and 7 respectively.
Lastly, the main conclusions o f this thesis are clearly outlined in chapter 8 and future 
work towards possible directions is also suggested.
REFERENCES
[1] C. Moore, B. C. Pressman, Biochem . Biophys. Res. Comm., 15, 562, (1964).
[2] C. H. Evans, ‘Biochemistry o f the Lanthanides’ , Plenum Press: New York,
(1990). /
[3] J. L. Sessler, V. Krai, M. C. Hoehner, K. O. A. Chin, R. M. Davila, P u re  A ppl. 
Chem ., 68, 1291,(1996).
[4] K. G. Ragunathan, H. J. Schneider, Angew. Chem., Int. Ed. E n g l., 35, 1219,
(1996).
[5] J.-C. G. Biinzli, P. Froidevaux, J. M. Harrowfield, In o rg . Chem ., 32, 3306,
(1993). •
[6] J. -M. Lehn, Angew. Chem. Int. Ed. E n g l., 27, 89, (1988).
[7] P. Ehrlich, Studies on Imm unity, Wiley, New York, (1906).
[8] E. Fischer, Ber. Deutsch. Chem. Ges., 27, 2985, (1894).
[9] A. Wemer, Zeitschr. A norg. Chem., 3, 267, (1893).
[10] C. J. Pedersen, J. Am. Chem. Soc., 89, 7017, (1967).
[11] C. J. Pedersen, Angew. Chem. 100, 1053, (1988);
[12] C. J. Pedersen, Angew. Chem. Int. Ed. E n g l., 27, 1053, (1988).
CHAPTER 1. INTRODUCTION 72
[13] B. Dietrich, J. M. Lehn, J. P. Sauvage, Tetrahedron Lett., 2885 and 2889, 
(1969).
[14] B. Dietrich, J. M. Lehn, J. P. Sauvage, J. Blanzat, Tetrahedron, 29, 1629, 
(1973).
[15] B. Dietrich, J. M. Lehn, J. P. Sauvage, ib id ., 29, 1647, (1973).
[16] J. -M. Lehn, Sruct. B o n d in g , 16, 1, (1973).
[17] C. J. Pedersen, J. In c lu s io n  Phenom ena, 6, 337, (1988), (Nobel lecture; 
8.12.87).
[18] J. -M. Lehn, J. In c lu s io n  Phenom ena, 6, 351, (1988), (Nobel lecture; 8.12.87).
[19] D. J. Cram, J. In clu s io n  Phenom ena, 6, 397, (1988), (Nobel lecture; 8.12.87).
[20] B. G. Cox, H. Schneider, 4C o o rd in a tio n  and T ran spo rt P ro p ertie s  o f  
M a c ro c y c lic  Com pounds in  Solution  \ Elsevier, New York, (1992).
[21] K. Uekama, /. Pharm . Soc. Jpn., 10, 857, (1981).
[22] J. Szejtli, M o le c u la r Entrapm ent and Release P ro p ertie s o f  D ru g s  by 
C yclodextrin s; C o n tro lle d  D ru g  B io a v a ila b ility , eds. V. F. Smolen and L. A. 
Ball, Willey, (1985).
[23] G. Wenz, Angew. Chem. Ed. E n g l., 33, 803, (1994).
[24] A. F. Danil de Namor, R. Traboulssi, D. F. V. Lewis, J. Am. Chem. Soc., 112, 
8442, (1990).
[25] C. J. Pedersen, J. Am. Chem. Soc., 92, 386, (1970).
[26] J. -M. Lehn, J. P. Sauvage, Tetrahedron Lett., 2885, (1969).
[27] A. F. Danil de Namor, J. Chem. Soc. F a ra d a y  Trans. I, 84(7), 2441, (1988).
[28] A. F. Danil de Namor, M. C. Ritt, M. J. Schwing Weill, F. Amaud-Neu, D. F.
V. Lewis, J. Chem. Soc. F a ra d a y  Trans. I, 87(19), 3231, (1991).
[29] B. Metz, D. Moras, R. Weiss, J. Chem. Soc., P erk in  Trans. I I , 423, (1976).
[30] D. J. Cram, T. Kaneda, P. C. Helgeson, G. H. Lein, J. Am. Chem. Soc., 101, 
6752, (1979).
[31] C. D. Gutshe, ’'C alixarenes, in M o n og ra ph s in  S u pra m olecu la r C h em istry ’, ed. 
J. F. Stoddart, The Royal Society o f Chemistry, London, (1989).
[32] C. D. Gutsche, R. Muthukrishnan, J. O rg. Chem., 43, 25, 4905, (1978).
[33] A. Baeyer, B e r., 5, 25, 280, 1094, (1872).
[34] J. B. Niederl, H. J. Vogel, J. Am. Chem. Soc., 62, 2510, (1940).
[35] A. Zinke, E. Ziegler, B er., 77, 264, (1944).
CHAPTER 1. INTRODUCTION 73
[36] R. S. Buriks, A. R. Fauke, J. H. Munch, U.S. Patent, 4,259,464, filed (1976),
issued (1981); U.S. Patent, 4,098,717, filed (1977), issued (1978) and U.S.
Patent, 4,032,514, filed (1976), issued (1977).
[37] R. Muthukrishnan, C. D. Gutsche, J. Org. Chem., 44, 3962, (1979).
[38] C. D. Gutsche, B. Dhawan, K. H. No, R. Muthukrishnan, J. Am. Chem. Soc.,
103, 3782, (1981).
[39] K. Araki, K. Iwamoto, S. Shinkai, T. Matsuda, Bull. Chem. Soc. J p n ., 63, 
3480, (1990).
[40] C. D. Gutsche, ‘C a lixa ren es R evisited, in M on ographs in S u pra m olecu lar  
C h e m i s t r y ed. J. F. Stoddart, The Royal Society o f Chemistry, London, 
(1998).
[41] Z. Asfari, J. Vicens, Tetrahedron Lett., 29, 2659, (1988).
[42] C. D. Gutsce in ‘C a lixa ren es: A  V ersatile C lass o f  M a c ro c y c lic  C om poun ds’, 
eds. J. Vicens and V. Bohmer, Kluer Academic Publishers, Dordrecht, The 
Netherlands, pp. 3-37, (1991).
[43] A. F. Danil de Namor, P u re  &  A ppl. Chem ., 65, 193, (1993).
[44] A. F. Danil de Namor, J. Wang, I. Gomez Orellana, F. J. Sueros Velarde, D. A .
Pacheco Tanaka, J. In c lu s io n  Phenom . M ol. Recognit. Chem ., 19, 371, (1994).
[45] A. Arduini, A. Pochini, S. Reverberi, R. Ungaro, J. Chem. Soc., Chem.
Com m un., 981, (1984).
[46] S. Shinkai, S. Mori, T. Tsubaki, T. Sone, O. Manabe, Tetrahedron Lett., 25, 
5315,(1984).
[47] S. Shinkai, K. Araki, T. Tsubaki, T. Arimura, O. Manabe, J. Chem. Soc., 
P e rk in  Trans. I, 2297, (1987).
[48] C. D. Gutsche, K. C. Nam, J. Am. Chem. Soc. 110, 6153, (1988).
[49] C. D. Gutsche, I. Alam, Tetrahedron, 44, 4689, (1988).
[50] C. D. Gutsche, L. J. Bauer, J. Am er. Chem . Soc., 107, 6052, (1985).
[51] J. W. Comforth, P. D ’Arcy Hart, G. A. Nicholls, R. J. W. Rees, J. A. Stock,
Br. J. P harm acol., 10, 73, (1955).
[52] G. D. Andreetti, G. Calestani, F. Ugozzoli, A. Arduini, E. Ghidini, A. Pochini, 
R. Ungaro, J. In clu sio n  Phenom ., 5, 123, (1987).
[53] C. D. Gutsche, A. E. Gutsche, A. I. Karaulov, J. In c lu s io n  Phenom ., 3, 447, 
(1985).
CHAPTER 1. INTRODUCTION 74
[54] C. D. Gutsche, B. Dhawan, J. A. Levine, K. H. No, L. J. Bauer, Tetrahedron , 
39, 3, 409, (1983).
[55] C. D. Gutsche, A ld rich im . A cta , 28, 3, (1995).
[56] H. Kammerer, G. Happel, F. Caesar, M akrom ol. Chem ., 162, 179, (1972).
[57] C. Jaime, J. de Mendoza, P. Prados, P. M. Nieto, C. Sanchez, J. Org. Chem., 
56, 3372, (1991).
[58] J. O. Magrans, J. de Mendoza, M. Pons, P. Prados, J. Org. Chem ., 62, 4518, 
(1997).
[59] D. R. Stewart, M. Krawiec, R. P. Kashyap, W. H. Watson, C. D. Gutsche, J. 
Am. Chem. Soc., 117, 586, (1995).
[60] S. Kanamathareddy, C. D. Gutsche, J. Org. Chem ., 59, 3871, (1994).
[61] J.-P. Schaiff, M. Mahjoubi, R. Perrin, N ew  J. Chem., 15, 883, (1991).
[62] H. Kammerer, G. Happel, B. Mathiasch, M akrom ol. Chem ., 182, 1685, (1981).
[63] H. Kammerer, G. Happel, Monatsh. Chem ., 112, 759, (1981).
[64] H. Kammerer, G. Happel, M akrom ol. Chem ., 181, 2049, (1980).
[65] J. W. Comforth, E. D. Morgan, K. T. Potts, R. J. W. Rees, Tetrahedron, 29, 
1659, (1973).
[66] R. Perrin, S. Harris, in ‘C a lixa ren es: A  Versatile C la ss o f  M a cro cy clic
C om p o un d s', eds. J. Vicens and V. Bohmer, Kluer Academic Publishers, 
Dordrecht, The Netherlands, pp. 235-259, (1991).
[67] R. Penin, R. Lamartine, M. Perrin, P u re  A ppl. Chem., 65, 1549, (1993).
[68] R. M. Izatt, J. J. Christensen, R. T. Hawkins, U.S. Patent, 4 , 4 1 1 , 3 1 1 ,  16 Oct. 
(1984), (C.A. 218333).
[69] S. Shinkai, O. Manabe, Y. Kondo, T. Yamamoto, Jpn. K o k a i Tokkyo K oh o, JP 
62/136242 A2 [87/136242] 19 June (1987), assigned to Kanebo Ltd. (C.A. 
108: 644lOq).
[70] Y. Kondo, T. Yamamoto, O. Manabe, S. Shinkai, Jpn. K o k a i Tokkyo K oh o, JP 
62/210055 A2 [87/210055] 19 Sep. (1987), assigned to Kanebo Ltd. (C.A. 
108: 116380b).
[71] Y. Kondo, T. Yamamoto, O. Manabe, S. Shinkai, Jpn. K o k a i Tokkyo K oh o, JP 
63/7837 A2 [88/7837] 13 Jan.. (1988), assigned to Kanebo Ltd. (C.A. 109: 
137280e).
CHAPTER 1. INTRODUCTION 75
[72] Y. Kondo, T. Yamamoto, O. Manabe, S. Shinkai, Jpn. K o k a i Tokkyo K o h o , JP
63/99031 A2 [88/99031] 30 Apr. (1988), assigned to Kanebo Ltd. (C.A. 109:
210747u).
[73] Y. Kondo, T. Yamamoto, O. Manabe, S. Shinkai, Jpn. K o k a i Tokkyo K o h o , JP
63/99035 A2 [88/99035] 30 Apr. (1988), assigned to Kanebo Ltd. (C.A. 109:
210748v).
[74] Y. Kondo, T. Yamamoto, O. Manabe, S. Shinkai, Jpn. K o k a i Tokkyo K o h o , JP 
63/197544 A2 [88/197544] 16 Aug. (1988), assigned to Kanebo Ltd. (C.A. 
110: 98116e).
[75] S. Shinkai, H. Kawaguchi, O. Manabe, J. P o lym er Sci., P a rt C, P olym er Lett., 
26, 391,(1988).
[76] J.-C. G. Biinzli, J. M. Harrowfield in ‘C a lixa ren es: A  V ersatile  C lass o f  
M a c ro c y c lic  C o m p o u n d s’, eds. J. Vicens and V. Bohmer, Kluer Academic 
Publishers, Dordrecht, The Netherlands, pp. 211-231, (1991).
[77] D. Diamond, G. Svehla, E. M. Seward, M. A. McKervey, Anal. Chim. Acta, 
204, 223, (1988).
[78] K. M. O ’Conner, M. Cherry, G. Svehla, S. J. Harris, M. A. McKervey, 
Talanta, 41, 1207, (1994).
[79] A. Cadogan, D. Diamond, M. R. Smyth, M. Deasy, M. A. McKervey, E. M. 
Seward, S. J. Harris, A nalyst (Lon don ), 114, 1551, (1989); K. Cunningham, G. 
Svehla, S. J. Hams, M. A. McKervey, Anal. P ro c., 28, 294, (1991).
[80] A. Cadogan, D. Diamond, S. Cremin, M. A. McKervey, S. J. Harris, Anal. 
P ro c., 28, 13,(1991).
[81] A. Cadogan, D. Diamond, M. R. Smyth, G. Svehla, M. A. McKervey, E. M. 
Seward, S. J. Harris, A nalyst ( C a m b rid g e), 115, 1207, (1990).
[82] T. McKittrick, D. Diamond, D. J. Maras, P. O ’Hagan, M. A. McKervey, 
Talanta, 43, 1145, (1996).
[83] K. M. O ’Conner, G. Svehla, S. J. Hanis, M. A. McKervey, Talanta, 39, 1549,
(1992); K. M. O ’Conner, G. Svehla, S. J. Harris, M. A. McKervey, Anal. 
P ro c., 30, 137,(1993).
[84] E. Malinowska, Z. Brzozka, K. Kasiura, R. J. M. Egberink, D. N. Reinhoudt, 
Anal. Chim . Acta, 298, 245, (1994).
[85] W. Wrobleviski, E. Malinowska, Z. Brzozka, E lectroa n a lysis, 8, 75, (1996).
[86] W. H. Chan, P. X. Cai, X. H. Gu, A nalyst ( C a m b rid g e), 119, 1853, (1994).
CHAPTER 1. INTRODUCTION 76
[87] W. H. Chan, Y. L. Wong-Leung, T. F. Lai, R. Yuan, A n a l. Lett., 30, 45,
(1997).
[88] N. V. Shvedene, T. V. Shishkanova, I. V. Pietnev, N. V. Belchenko, V. V. 
Kovalev, A. K. Rozov, E. A. Shokova, Anal. Lett., 29, 843, (1996).
[89] N. V. Shvedene, M. Y. Nemilova, V. V. Kovalev, E. A. Shokova, A. K. 
Rozov, I. V. Pietnev, Sens. A ctuators B, 26, 372, (1995).
[90] A. W. M. Lee, W. H. Chan, Y. S. Lam, A nalyst ( C a m b rid g e), 120, 2841, 
(1995).
[91] P. Beer, M. Shade, Z. Chen, Intern ation al patent, WO 95/11449, 27 April
(1994), assigned to the Secretary of State for Defence in her Britannic 
Majesty’ s Government o f the United Kingdom of Great Britain and Northern 
Ireland.
[92] S. J. Harris, D. Diamond, M. A. McKervey, Intern ation al patent, WO 
95/04483, 3 March (1994), assigned to S. J. Harris, D. Diamond, M. A. 
McKervey.
[93] A. M. Bymard, R. Ungaro, A. Pochini, Intern ation al patent, W O 95/00473, 5 
January (1995), assigned to Radiometer Medical.
[94] I. Yoshida, N. Yamamoto, F. Sagara, K. Ueno, D. Ishii, S. Shinkai, Chem. Lett. 
2105,(1991).
[95] J. L. M. Gordon, V. Bohmer, W. Vogt, Tetrahedron Lett., 36, 2445, (1995).
[96] H. M. Chawla, K. Srinivas, J. Org. Chem ., 61, 8464, (1996) and Tetrahedron  
Lett., 35, 2925, (1994).
[97] M. McCarrick, B. Wu, S. J. Harris, D. Diamond, G. Barrett, M. A. McKervey, 
J. Chem. Soc., Chem. Com m un., 1287, (1992) and J. Chem. Soc., P e rk in  
Trans. 2, 1963, (1993).
[98] M. McCarrick, S. J. Harris, D. Diamond, A nalyst ( C a m b rid g e), 118, 1127,
(1993).
[99] C. Perez-Jimenez, S. J. Harris, D. Diamond, J. Chem. Soc., Chem. Com m un., 
480, (1993) and J. M ater. Chem., 4, 145, (1994).
[100] (a) I. Aoki, T. Sakaki, S. Tsutsui, S. Shinkai, Tetrahedron Lett., 33, 89, (1992); 
(b) I. Aoki, T. Sakaki, S. Shinkai, J. Chem. Soc., Chem. Com m un., 730, 
(1992).
[101] S. Pellet-Rostaing, J.-B. Regnouf-de-Vains, R. Lamartine, Tetrahedron Lett., 
37, 5889, (1996).
CHAPTER 1. INTRODUCTION 77
[102] R. Grigg, J. M. Holmes, S. K. Jones, W. D. J. Amilaprasadh Norbert, J . Chem. 
Soc., Chem. Com m un., 185, (1994).
[103] G. J. T. Heesink, N. F. van Hulst, B. Bolger, E. Kelderman, J. F. J. Engbersen, 
W. Verboom, D. N. Reinhoudt, A ppl. Phys. Lett., 62, 2015, (1993); E. 
Kelderman, G. J. T. Heesink, L. Derhaeg, T. Verbiest, P. T. A. Klaase, W. 
Verboom, J. F. J. Engbersen, N. F. van Hulst, K. Clays, A. Persoons, D. N. 
Reinhoudt, Adv. M ater., 5, 925, (1993).
[104] F. I. Dickert, O. Schuster, M ikroch im . Acta, 119, 55, (1995).
[105] R. Perrin, M. Bourakhouadar, M. Perrin, D. Oehler, F. Ghamati, S. Lecocq, J. 
Royer, Cl. Decoret, F. Bayard, C.R. Acad. Sci., Paris, 312, 1135, (1991).
[106] J. Vicens, A. E. Armah, S. Fujii, K. -I. Tomita, J. In c lu s io n  Phenom. M o l  
Recognit. Chem ., 10, 159, (1991).
[107] R. M. Williams, J. M. Zwier, J. W. Verhoeven, G. H. Nachtegaal, A. P. M. 
Kentgens, J. Am. Chem. Soc. 116, 6965, (1994).
[108] J. L. Atwood, G. A. Koutsantonis, C. L. Raston, N ature, 368, 229, (1994).
[109] T. Susuki, K. Nakashima, S. Shinkai, Chem. Lett., 699, (1994).
[110] J. L. Atwood, C. L. Raston, Intern ation al patent, W O 95/25067, 21 September
(1995), assigned to J. L. Atwood and C. L. Raston.
[111] S. Shinkai, S. Tsugoshi, K. Nakashima, E u r. Patent A ppl., E.P. 662449 A l  12 
July (1995), assigned to Research Development Corporation o f Japan.
[112] C. L. Raston, J. L. Atwood, P. J. Nichols, I. B. N. Sudria, J. Chem. Soc., Chem. 
Comm un., 2615, (1996).
[113] N. S. Isaacs, P. J. Nichols, C. L. Raston, C. A. Sandova, D. J. Young, Chem. 
Com m un., 1839, (1997).
[114] S. R. Tennison, R. H. Weatherhead, Intern ation al patent, W O 95/11208, 27 
April (1995), assigned to The British Petroleum Company P.L.C.
[115] K. P. Wainwright, P C T  Int. A ppl., WO 8908092 (1989).
[116] S. Shinkai, Y. Shirahama, T. Tsubaki, O. Manabe, J. Chem. Soc., P e rk in
Trans., 1, 1859, (1989).
[117] S. Shinkai, Y. Shirahama, T. Tsubaki, O. Manabe, J. Am. Chem. Soc., I l l ,  
5477, (1989).
[118] B. Kneafsey, J. M. Rooney, S. J. Harris, US Patent, 4,912,183 (1990).
[119] S. Shinkai, S. Mori, H. Koreishi, T. Tsubaki, O. Manabe, J. Am. Chem. Soc.,
108, 2409, (1986).
CHAPTER 1. INTRODUCTION 78
[120] C. D. Gutsche, I. Alam, Tetrahedron, 44, 4689, (1988).
[121] M. Naoko, E u r. Patent A p p l, EP 456497 (1991).
[122] S. J. Harris, M. A. McKervey, D. Melody, J. Woods, J. Rooney, E ur. Patent 
A ppl., EP 151527 A l,  14 Aug. (1985), assigned to Loctite (Ireland) Ltd., (C.A. 
103: 216392).
[123] R. Leonard, S. J. Harris, E u r. Patent A ppl., EP 235935 A2, 9 Sept. (1987), 
assigned to Loctite (Ireland) Ltd., (C.A. 108: 76667s).
[124] S. J. Harris, M. A. McKervey, D. Melody, J. Woods, J. Rooney, U.S. Patent,
4,636,539, 13 Jan. (1987), assigned to Loctite (Ireland) Ltd. and U.S. Patent,
4,855,461, 8 Aug. (1989), assigned to Loctite (Ireland) Ltd.
[125] S. J. Harris, E u r. Patent A ppl., EP 279521, 24 Aug. (1988), assigned to Loctite 
(Ireland) Ltd., (C.A. 110: 76729e).
[126] S. J. Harris, Jap. Patent A ppl., 214,126/62, (1989), assigned to Loctite 
(Ireland) Ltd. and U.S. Patent, 4,866,198, 12 Sept. (1989).
[127] S. J. Harris, R. Leonard, U.S. Patent, 4,695,615, 22 Sept. (1987), assigned to 
Loctite (Ireland) Ltd.
[128] S. J. Harris, J. Guthrie, M. MacManus, E u r. Patent A ppl., EP 262910 A2, 6 
Apr. (1988), assigned to Loctite (Ireland) Ltd., (C.A. 109: 130190s) and U.S. 
Patent, 4,908,399, 13 Mar. (1989).
[129] C. P. Wong, U.S. Patent, 4,271,425, 2 June (1981), assigned to Western 
Electric Co. Inc., (C.A. 95: 82188r).
[130] P. D ’Arcy Hart, J. A. Armstrong, E. Brodaty, Infect. Im m un., 64, 1491, (1996).
[131] S. J. Harris, Intern ation al patent, WO 95/19974, 27 July (1995), assigned to S. 
J. Hanis.
[132] M. K. Hwang, Y. M. Qi, S-Y Liu, W. Choy, J. Chen, Intern ation al patent, WO 
94/03164, 17 July (1994), assigned to Genelabs Technologies Inc. and 
International patent, W O 94/03165, 17 July (1994), assigned to Genelabs 
Technologies Inc..
[133] S. Maeda, Jpn. K o k a i Tokkyo K oh o, JP 05,323,632, May (1992).
[134] S. Kuramoto, M. Orihara, T. Hagiwara, Jpn. K o k a i Tokkyo K oh o, JP 
04,295,862, March (1991).
[135] H. Noack, H. L. Weinelt, B. Noll, Ger. Offen., DE 4,135,760, Oct. (1991).
[136] R. L. Sung, T. F. Derosa, B. J. I. Kaufman, U.S. Pat., US 5,199,959, Mar. 
(1992).
CHAPTER 1. INTRODUCTION 79
[137] K. Nishihara, I. Hiroi, Y. Matsumoto, Jpn. K o k a i Tokkyo K o h o , JP 05,209,170, 
Oct. (1991).
[138] D. Ehrhardt, S. Hauptmann, G. Mann, W. Mertens, F. Weinelt, B. Noll, H. 
Weinelt, G er. (East), DD 290,427, Dec. (1989).
[139] W. M. Rolfe, M. R. Thoseby, E u r. Pat. A p p l,  EP 503,764, Feb. (1991).
[140] T. Komori, S. Shinkai, Jpn. K o k a i Tokkyo K oh o, JP 05,271,175, Oct. (1993).
[141] H. Shobi, N. Ueda, A. Bando, Jpn. K o k a i Tokkyo K oh o, JP 07,237,944, Feb.
(1994).
[142] A. Petri, E u r. Pat. A p p l,  EP 350,092, Jan. (1990).
[143] T. Moeller, ‘The C hem istry o f  the La n th an id es’, Reinhold Publishing 
Corporation, New York, USA, (1963).
[144] F. A. Cotton, G. Wilkinson, ‘A d va nced  In o rg a n ic  C h em istry ’, 5th ed., John 
Wiley & Sons, New York, USA, (1988).
[145] D. A. Johnson, ‘Therm odynam ic A spects o f  In o rg a n ic  C h em istry ’, 2nd ed., 
Cambridge University Press, (1982).
[146] D. Parker, J. A. Williams, J. Chem. Soc., D alton  Trans., 3613, (1996).
[147] T. Moeller, D. F. Martin, L. C. Thompson, R. Ferrus, G. R. Feistel, W. J. 
Randall, Chem. Rev., 65, 1, (1965).
[148] G. R. Choppin, J. Less-C om m on M et., 112, 193, (1985).
[149] F. Amaud-Neu, Chem. Soc. Rev., 23, 235, (1994).
[150] K. S. Pitzer, A cc. Chem. Res., 12, 271, (1979).
[151] J. -C. G. Blinzli, A. E. Merbach, R. M. Nielson, Inorg. Chim . Acta, 139, 151,
(1987).
[152] J. -C. G. Bunzli, V. Kasparek, Ino rg . Chim . Acta, 182, 101, (1991).
[153] J. -C. G. Bunzli, C. Mabillard, Inorg. Chem ., 25, 2750, (1986).
[154] J. -C. G. Bunzli, J. -R. Yersin, H elv. Chim . A cta , 65, 2498, (1982).
[155] F. Pilloud, J. -C. G. Bunzli, In o rg . Chim . Acta, 139, 153, (1987).
[156] P. Di Bernardo, G. R. Choppin, R. Portanova, P. L. Zanonato, Inorg. Chim . 
Acta, 207, 85, (1993).
[157] A. Seminara, E. Rizzarelli, In o rg . Chim . Acta, 40, 249, (1980).
[158] V. Alexander, Chem. Rev., 95, 273, (1995).
[159] J. -C. G. Bunzli, D. Wessner, C oord. Chem. Rev., 60, 191, (1984).
[160] F. H. Hart, M. B. Hurthouse, K. M. A. Malik, S. Moorhouse, J. Chem. Soc.,
Chem. Com m un., 549, (1978).
CHAPTER 1. INTRODUCTION 80
[161] M. Ciampolini, P. Dapporto, N. Nardi, J. Chem. Soc., D alton  Trans., 974, 
(1979).
[162] J. H. Bums, C. F. Baes Jr, In o rg . Chem ., 20, 616, (1981).
[163] M. C. Almasio, F. Amaud-Neu, M. J. Schwing-Weill, H elv. Chim . Acta, 66, 
1296, (1983).
[164] G. Guillain, P. Barthelemy, J. Massaux, J. F. Desreux, J. Chem. Soc. D alton  
Trans., 2847, (1984).
[165] F. Amaud-Neu, E. L. Loufouilou, M. J. Schwing-Weill, J. Chem. Soc. D alton  
Trans., 2624, (1986).
[166] R. Pizer, R. Selzer, Inorg. Chem ., 22, 1359, (1983).
[167] J. Marroleau, J. P. Gisselbrecht, M. Gross, F. Amaud-Neu, M. J. Schwing- 
Weill, J. Chem. Soc. D alton Trans., 367, (1989).
[168] J. Marroleau, J. P. Gisselbrecht, M. Gross, F. Amaud-Neu, M. J. Schwing- 
Weill, J. Chem. Soc. D alton Trans., 1285, (1990).
[169] A. F. Danil de Namor, R. M. Cleverley, M. L. Zapata-Ormachea, Chem. Rev.,
98, 2495, (1998).
[170] E. L. Yee, O. A. Gansow, M. J. Weaver, J. Am. Chem. Soc., 102, 2278, (1980).
[171] A. F. Danil de Namor, M. C. Ritt, M. J. Schwing-Weill, F. Amaud-Neu, J. 
Chem. Soc. F a ra d a y  Trans., 86(1), 89, (1990).
[172] J.-C. Biinzli, F. Pilloud, In o rg . Chem ., 28, 2638, (1989).
[173] S. W. Kang, W. H. Koo, S. M. Lee, C. H. Chang, M. Y. Seo, Taehan, 
H w akakhoe Chi., 33, 588, (1989).
[174] R. M. Izatt, J. D. Lamb, J. J. Christencen, B. L. Haymore, J. Am. Chem. Soc.,
99, 8344, (1977).
[175] W. Szczepaniak, B. Juskowiak, W. Ciszewska, Inorg. Chim . Acta, 147, 261,
(1988).
[176] G. L. Rothermel, Jr., L. Miao, A. J. Hill, S. C. Jackels, In o rg . Chim . Acta, 31, 
4854, (1992).
[177] J. M. Harrowfield, M. I. Ogden, W. R. Richmond, A. H. White, /. Chem. Soc., 
D alton Trans., 2153,(1991).
[178] J. M. Harrowfield, M. I. Ogden, A. H. White, Aust. J. Chem., 44, 1249, (1991).
[179] J. M. Harrowfield, M. I. Ogden, A. H. White, F. R. Wilner, Aust. J. Chem., 42, 
949, (1989).
[180] J. M. Harrowfield, M. I. Ogden, A. H. White, Aust. J. Chem., 44, 1237, (1991).
CHAPTER 1. INTRODUCTION 81
[181] Z. Asfari, J. M. Harrowfield, M. I. Ogden, J. Vicens, A. H. White, Angew. 
Chem., Int. Ed. Engl., 30, 854, (1991).
[182] B. M. Furphy, J. M. Harrowfield, M. I. Ogden, B. W. Skelton, A. H. White, F.
R. Wilner, J. Chem. Soc., D alton Trans., 2217, (1989).
[183] B. M. Fuiphy, J. M. Harrowfield, D. L. Kepert, B. W. Skelton, A. H. White, F.
R. Wilner, Inorg. Chem ., 26, 4231, (1987).
[184] P. D. Beer, M. G. B. Drew, M. Kan, P. B. Leeson, M. I. Ogden, G. Williams, 
In o rg . Chem., 35, 2202, (1996).
[185] D. M. Roundhill, P rog. In o rg . Chem ., 43, 533, (1995).
[186] M. A. McKervey, M. J. Schwing-Weill, F. Amaud-Neu, ‘ C ation  B in d in g  by
C a lix a re n e s ’ , in C om prehensive S u p ra m olecu la r Chem istry, ed. G. Gokel, 
Pergamon Press: Oxford, Vol. 1, (1996), pp. 537-603.
[187] I. Yoshida, N. Yamamoto, F. Sagara, K. Ueno, D. Ishii, S. Shinkai, Chem. 
Lett., 2105,(1991).
[188] R. Seangprasertkij, Z. Asfari, F. Amaud-Neu, J. Vicens, J. Org. Chem., 59,
1741, (1994).
[189] R. Delgado, Y. Sun, R. J. Ramunas, J. Motekaitis, A. E. Martell, Inorg. Chem., 
32, 3320, (1993).
[190] M. F. Loncin, J. F. Desreux, E. Merciny, Inorg. Chem., 25, 2646, (1986).
[191] S. I. Kang, R. S. Ranganathan, J. E. Emswiler, K. Kumar, J. Z. Gougoutas, M. 
F. Malley, M. F. Tweedle, In o rg . Chem ., 32, 2912, (1993).
[192] X. Wang, T. Jin, V. Comblin, A. Lopez-Mut, E. Loncin, J. F. Desreux, Inorg.
Chem ., 31, 1095,(1992).
[193] I. Lazar, R. Ramassamy, E. Brucher, C. F. G. C. Geraldes, A. D. Sherry, Ino rg . 
Chim . Acta, 195, 89, (1992).
[194] I. Lazar, A. D. Sherry, R. Ramassamy, E. Brucher, R. Kiraly, In o rg . Chem ., 
30, 5016, (1991).
[195] F. Amaud-Neu, G. Barrett, S. J. Hams, M. Owens, M. A. McKervey, M. J. 
Schwing-Weill, P. Schwinte, In o rg . Chem ., 32, 2644, (1993).
[196] F. Amaud-Neu, S. Cremin, S. J. Hanis, M. A. McKervey, M. J. Schwing- 
Weill, P. Schwinte, A. Walker, J. Chem. Soc. D alton Trans., 329, (19 9 7).
[197] I.Wadso, Chem. Soc. Rev., 26, 79, (1997).
C H A P T E R  2
2.1. LIST OF CHEM ICALS AND THEIR ABBREVIATIONS
The chemicals used during the course o f this research, their abbreviations and sources 
are given as follows:-
2.1.1. Calorimetric measurements
• Scandium trifluoromethanesulfonate (triflate), [Sc(CF3S03)3], 99% Aldrich 
Chemical Company.
• Yttrium trifluoromethanesulfonate (triflate), [Y (CF3S03)3], 98% Aldrich 
Chemical Company.
• Lanthanum trifluoromethanesulfonate (triflate), [La(CF3S03)3], 99.99% Aldrich 
Chemical Company.
• Praseodymium trifluoromethanesulfonate (triflate), [Pr(CF3S03)3], 98% Aldrich 
Chemical Company.
• Neodymium trifluoromethanesulfonate (triflate), [Nd(CF3S03)3], 98% Aldrich 
Chemical Company.
• Samarium trifluoromethanesulfonate (triflate), [Sm(CF3S03)3], 98% Aldrich 
Chemical Company.
• Europium trifluoromethanesulfonate (triflate), [Eu(CF3S 03)3], 98% Aldrich 
Chemical Company.
• Gadolinium trifluoromethanesulfonate (triflate), [Gd(CF3S03)3], 98% Aldrich 
Chemical Company.
• Terbium trifluoromethanesulfonate (triflate), [Tb(CF3S03)3], 98% Aldrich 
Chemical Company.
• Dysprosium trifluoromethanesulfonate (triflate), [Dy(CF3S03)3], 98% Aldrich 
Chemical Company.
• Holmium trifluoromethanesulfonate (triflate), [Ho(CF3S03)3], 98% Aldrich 
Chemical Company.
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• Erbium trifluoromethanesulfonate (triflate), [Er(CF3S03)3], 98% Aldrich 
Chemical Company.
• Ytterbium trifluoromethanesulfonate (triflate), [Yb(CF3S03)3], 99.99% Aldrich 
Chemical Company.
• Lutetium trifluoromethanesulfonate (triflate), [Lu(CF3S03)3], 98% Aldrich 
Chemical Company.
• Tris(hydroxymethyl)aminomethane (THAM ), ultrapure grade (99.9+ %), Aldrich 
Chemical Company.
• Acetonitrile (MeCN), HPLC grade, Fisher Chemical Company.
• 7V,Y-dimethylformamide (DMF), HPLC grade, Fisher Chemical Company.
• Acetone [(CH3)2CO], AR  grade, Fisher Chemical Company.
• Cryptand 222 (222), >99%, Merck Chemical Company.
2.1.2. 1H NMR experiments
• Deuterated chloroform (CDC13), Aldrich Chemical Company.
• Deuterated acetonitrile (CD3CN), Aldrich Chemical Company.
• Deuterated A,/V-dimethylformamide (DMF-d7), Aldrich Chemical Company.
• Tetramethylsilane (TMS), Aldrich Chemical Company.
2.1.3. Potentiometric measurements
• Tetra-7i-butylammonium perchlorate (TBAP), electrochemical grade (> 99 %), 
Fluka Chemical Company.
• Silver perchlorate (AgClOrf, 99.9 %, Aldrich Chemical Company.
2.1.4. Conductance measurements
• Potassium chloride (KC1), Fisher Chemical Company.
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2.2. PURIFICATION OF SO LVENTS
• A ceton itrile  [1]. HPLC grade acetonitrile was refluxed in a nitrogen atmosphere 
and distilled from calcium hydride. Only the middle fraction of the solvent was 
collected. Its water content determined by the Karl Fisher titration method, was 
not more than 0.02 %.
• N ,N -dim ethylform am ide [1]. HPLC grade N,N-dimethylformamide was dried 
over 4A  molecular sieves and subsequently distilled under reduced pressure. The 
middle fraction o f the solvent was used. Its water content determined by the same 
procedure as described for acetonitrile was less than 0.02 %.
2.3. PURIFICATION OF REAGENTS
• Cryptand 222 was used without further purification and dried under vacuum for 
several days before use.
• All lanthanide(III) trifluoromethanesulfonate salts and silver perchlorate were 
dried over P4O10 under vacuum for several days.
• Potassium chloride was twice recrystallised from distilled water and dried in a 
drying pistol at 393 K  for three days before use.
• Tris(hydroxymethyl)aminomethane (ultrapure grade, 99.9+ %) and tetra-/?- 
butylammonium perchlorate (electrochemical grade, > 99 %)), were used without 
any further purification.
• The ligands 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methyl 
thio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, LT, [tetrakis(N,N- 
diethylaminoethyl)oxyl]p-terf-butylcalix[4]arene, L2, p-tert-butylcalix [4] arene 
tetradiisopropylacetamide, L3, /?-ter£-butylcalix[4]arenetetraethanoate, L4, 5, 11, 
17, 23-tetra-tert-butyl[25, 26, 27, 28-tetrakis(2-pyridylmethyl)oxy]calix[43arene, 
L5 and [tetrakis(l-methylenebenzotriazole)oxyl]p-/©rt-butylcalix[4]arene, L 6,
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were synthesised at the Thermochemistry Laboratory according to the procedures 
reported in the references [2],[3],[4],[5],[6] and [5] respectively. They were dried 
in a drying pistol at 80-90 °C for several days before use.
2.4. PREPARATIO N  OF THE LANTHANIDE(III) TRIFLUOROM ETHANE 
SULFONATE COM PLEXES OF L1
A  solution o f the appropriate lanthanide triflate (3.5 x 10~4 moles) in acetonitrile was 
added in slight excess to the L I  solution (3.0 x 10“4 moles) in the same solvent. The 
mixture was stirred at 40 °C for half an hour. The solvent was subsequently carefully 
removed by slow evaporation under low pressure. A  viscous residue was obtained 
after which chloroform was added until precipitation o f the white solid occurred. It 
was then filtered and dried in a desiccator containing P4O10 under vacuum for a few 
days. Microanalyses were carried out at the University of Surrey, followed by *H 
NMR analysis o f the complexes in CD3CN.
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C H A P T E R  3
M O L E C U L A R  M O D E L L IN G  S T U D IE S
Calix[4]arenes are macrocyclic molecules consisting o f four phenol units which can 
bind a variety o f guest molecules [1],[2]. They combine a polar molecular region able 
to interact with metal cations particularly when selective chemical modification 
converts the parent compound into derivatives with selective properties and an apolar 
region which can accommodate neutral guests.
This chapter investigates the interaction of calix[4]arene derivatives with solvent 
molecules and its effect on the conformation o f the macrocyclic host using 
computational methods. Thus, molecular mechanics calculations were used in order 
to study the interaction and influence o f three non-aqueous solvent molecules 
(acetonitrile, methanol and iV,/V-dimethylformamide) on the conformation of the 
following three derivatives (see Fig. 3.1). 5, 11, 17, 23-tetrakis-(l, 1-dimethyl ethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, 
L I ,  [tetrakis(/V,/V-diethylamino ethyl)oxyl]p-te?t-butylcalix[4]arene, L2 and p-tert-  
butylcalix[4]arene tetradiisopropylacetamide, L3. These ligands were chosen because 
of the availability o f !H  NM R as well as thermodynamic data regarding their 
complexing properties towards lanthanide(III) cations in acetonitrile and N ,N -  
dimethylformamide presented in chapters 4 and 6 respectively. Methanol was also 
used for comparison purposes.
L I  L2
Fig . 3.1 Structures of macrocyclic ligands.
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3.1. EXPERIM ENTAL PROCEDURE
Molecular mechanics simulations were earned out using the HyperChem Release 5.0 
for Windows software [3]. A ll calculations were performed using the M M + 
(molecular mechanics plus) force field which is an extension of MM2 developed by 
Allinger [4],[5]. Allingner’ s MM2 focuses on producing very accurate results for 
certain classes o f molecules but fails in many cases when no parameters exist. Thus, 
M M + as implemented by HyperChem, initially tries to perform a calculation with 
MM2 (1991) parameters and atom types but has a default scheme in the case when 
there are no MM2 parameters [6].
The algorithm used to calculate a geometry with a minimum potential energy was the 
Polak-Ribiere conjugate gradient method [7]. Iterative calculations were performed 
with the energy gradient reaching the value of 4 x 10'2 kJ A "1 mol*1 as a convergence 
criterion. A ll calculations were performed assuming in vacuo conditions. The 
following empirical representation o f the total potential energy, E t , was used [6].
~  ^bond ^ Eangle 4* ^ dihedral 4~E'vdw "p-Edj!pC)ie + -^ stretch-beiid (3.1)
E bond is the bond stretching energy, Eangle is the bond angle bending energy, 
d^ihedral ls the dihedral angle or torsional energy interaction, £ vdw is the van der 
Waals energy, £ dipole is the dipole interaction energy (electrostatic contribution) and 
s^tretch-bend *s the sum of the bond stretch and angle bend cross term.
3.2. RESULTS AND DISCUSSION
3.2.1. Molecular modelling simulations on 5, 11, 17, 23-tetrakis-(1, 1- 
dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(di 
ethylamine)ethoxy]calix[4Jarene, L1
CT"
The starting configuration of the free ligand used in the simulations was the model-
built form shown in Fig. 3.2. This structure, in which two opposite aromatic rings are
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almost parallel to each other while the other opposite ones are nearly perpendicular, 
resembles the X-ray structure reported for 5, 11, 17, 23-tetrakis-(l, 1-dimethylethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(dimethylamine)ethoxy]calix[4]arene
[8], which is very close to L I  as one extra methylene group distinguishes them.
i) Interaction  o f  L I  with acetonitrile.
One acetonitrile molecule (MeCN) was introduced as a guest inside the hydrophobic 
cavity. The simulations were earned out with various starting orientations for MeCN. 
Most simulations led to a similar structure which was about 46.8 kJ mol"1 more stable 
than the starting configuration o f the ligand. In this form the methyl group of MeCN 
was directed inside the cone which now adopts a more parent-like ‘cone’ 
conformation of nearly 4-fold symmetry. The guest appeared tilted from the C4 axis 
as shown in Fig. 3.3.
ii) Intera ction  o f  L I  with methanol.
A  number o f simulations were earned out on L I  with various methanol (MeOH) 
orientations inside the hydrophobic cavity. The minimised structure with the lowest 
energy is shown in Fig. 3.4. In this configuration the methyl groups and OH bonds 
are roughly perpendicular to two opposite aromatic rings with the oxygen lone pairs 
pointing outside the cavity. The resulting structure whose symmetry now approaches 
4-fold symmetry, is more stable than the starting form ( E t =  151.9 and 182.4 kJ mol"1 
respectively).
CHAPTER 3. M OLECULAR M ODELLING STUDIES 89
Fig. 3.2 Top and side views o f the free ligand L I  illustrating the characteristic
distorted cone conformation (  •  =  C; © = O; °  =  N; ^  =  S; H  atoms not 
shown).
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Fig. 3.3 Top and side views of L I  with one molecule of MeCN, approaching 4-
fold symmetry ( •  = C ; O = O ; © = N; = S; H atoms not shown).
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Fig. 3.4 Top and side views of L I  with one molecule of MeOH, approaching 4-
fold symmetry ( •  = C ; O = O ; °  = N; + = S; H atoms not shown).
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iii) Intera ction  o f  L I  with A,A-dimethylformamide
A, A- di met h y 1 formami de (DMF) was placed in the hydrophobic cavity o f L I  with 
various starting orientations and the structures were subsequently minimised. The 
calculations resulted in the lowest energy configuration shown in Fig. 3.5 in which the 
two methyl groups are perpendicular to opposite phenol rings and the oxygen pointing 
outside the cavity. The resulting form was found to be more stable (by 64.0 kJ mol"1) 
than the starting structure o f L I .  The symmetry of the host is now nearly 4-fold as 
shown in Fig. 3.5.
Table 3.1 summarises the molecular mechanics calculation results obtained for 
comparison purposes only.
Table 3.1 Results o f molecular mechanics calculations on L I  and its complexes
with AN, M eOH and DMF.
Compound E t (kJ mol'1)
L I 182.4
135.6
151.9
L I  + MeCN
L I  + MeOH
L I  + DMF 118.4
CHAPTER 3. M OLECULAR M ODELLING STUDIES 93
Fig. 3.5 Top and side views of L I  with one molecule of DM F, approaching 4-fold
symmetry ( •  = C ; O = O ; ® = N ; & = S ; H atoms not shown).
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3.2.2. Molecular modelling simulations on [tetrakis(/V,A/-diethylamino 
ethyl)oxyl]p-fe/f-butylcalix[4]arene, L2
The initial form of the free ligand used in these studies was the model-built form 
shown in Fig. 3.6. It has a 2-fold symmetry with two of the aromatic rings of the cone 
nearly parallel to each other and the two others nearly perpendicular. This structure is 
in fact observed in the solid state as X-fay diffraction studies on the free ligand have 
established [9].
i) Interaction o f  L2 with aceton itrile .
One acetonitrile molecule was introduced inside the cone. Simulations were 
performed with various starting orientations for acetonitrile as With L I .  In most cases 
similar structures were obtained with a considerable lowering o f the energy of the 
system from 233.5 to 196.2 kJ mo I'1 (see Table 3.2). The methyl group of the 
acetonitrile was directed inside the cone, which now adopts a more symmetric 
conformation of nearly 4-fold symmetry as shown in Fig. 3.7.
ii) Interaction o f \J 2  with methanol.
Possible alternative structures were investigated involving different relative positions 
o f MeOH being introduced in the L2 cone. The lowest energy structure obtained by 
minimisation was close to 4-fold symmetry (see Fig. 3.8) and was 24.7 kJ mol'1 more 
stable than the reference structure o f L2 (see Table 3.2). In this configuration, as in 
the case o f L I ,  the OH bond and methyl groups of methanol lie more or less 
perpendicular to opposite phenol rings.
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Fig. 3.6 Top and side views of the free ligand L2 illustrating the characteristic
distorted cone conformation ( •  = C ; °  = O; °  = N; I I  atoms not shown).
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Fig. 3.7 Top and side views of L2 with one molecule of MeCN, approaching 4-
fold symmetry ( •  = C ; O = O ; O = N; H atoms not shown).
CHAPTER 3. M OLECULAR M ODELLING STUDIES 97
Fig. 3.8 Top and side views of L2 with one molecule of MeOH, approaching 4-
fold symmetry ( •  = C ; ® = O ; © = N; H atoms not shown).
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iii) Interaction o f  L2 with A,A-dimethylformamide
A,A-dimethylformamide (DMF) was introduced inside the hydrophobic cavity in 
various possible orientations during the simulations performed on L2. In all cases 
DMF reoriented itself with the lowest energy structure shown in Fig. 3.9. As a result 
o f this .interaction, the cone now exhibits a more symmetrical form of nearly 4-fold 
symmetry, which is about 73.2 kJ mol"1 more stable than the initial configuration of 
L2. In agreement with the results obtained with L I  and DMF, the two methyl groups 
of the solvent molecule lie perpendicular to two opposite aromatic rings with the 
oxygen atom pointing outside the cone.
Table 3.2 Results o f molecular mechanics calculations on L2 and its complexes
with AN, M eOH and DMF.
Compound E t (kJ mol"1)
L2 233.5
196.2
208.8
L2 + MeCN
L2 + MeOH
L2 + DMF 160.3
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Fig. 3.9 Top and side views of L2 with one molecule of DM F, approaching 4-fold
symmetry ( •  = C ; °  = O ; O = N ; H atoms not shown).
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3.2.3. Molecular modelling simulations on p -te rt-butylcalix[4]arene 
tetradiisopropylacetamide, L3
Molecular mechanics simulations were lastly performed on p-ter/-butylcalix[4]arene 
tetradiisopropylacetamide (L3 ) with the three neutral guests (MeCN, MeOH and 
DMF) following the exact procedures described in the previous sections in each case. 
The starting form of L3 used in the simulations shown in Fig. 3.10 has a 2-fold 
symmetry and its cone has an elongated shape. This structure is similar to the X-ray 
structure of /?-/<??t-butylcalix[4]arene tetraacetamide [10] a closely related ligand to 
L3 (ethyl groups have been replaced by isopropyl ones). The interactions led to the 
formation of more stable structures relative to the starting form of L3 in all cases, 
whose configuration approached 4-fold symmetry. In these structures the solvent 
molecules oriented themselves in a similar manner to what was observed previously 
with the two other ligands. Fig. 3.11, 3.12 and 3.13 show the minimised structures of 
L3 with MeCN, MeOH and DMF respectively.
The results o f the molecular mechanics calculations on free L3 and its complexes with 
the three solvent molecules for comparison purposes only are listed in Table 3.3.
Table 3.3 Results o f molecular mechanics calculations on L3 and its complexes
with AN, M eOH and DMF.
Compound E t (kJ mol"1)
L3 154.4
116.7
128.9
L3 + MeCN
L3 + MeOH
L3 + DMF 84.5
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Fig. 3.10 Top and side views of the free ligand L3 illustrating the characteristic
distorted cone conformation ( •  = C ; O = O ; °  = N ; H atoms not shown).
Fig. 3.11 Top and side views of L3 with one molecule of MeCN, approaching 4-
fold symmetry ( •  = C ; © = O; © = N; H atoms not shown).
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Fig. 3.12 Top and side views o f L3 with one molecule o f MeOH, approaching 4- 
fold symmetry ( •  =  C; °  =  O; O = N; H  atoms not shown).
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Fig. 3.13 Top and side views o f L3 with one molecule o f DMF, approaching 4- 
fold symmetry ( •  =  C; © =  O; ® =  N; H  atoms not shown).
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Molecular mechanics calculations showed that the interactions between calix[4]arene 
derivatives (L I, L2 and L3) and non-aqueous solvent molecules (MeCN, MeOH and 
DMF) lead to the formation o f more stable structures than the initial forms of the free 
ligands in each case. The highest interactions were observed between DMF and all 
the hosts studied followed by MeCN / L  interactions. A  change in the conformation 
of calixarenes was observed upon introducing these neutral guests in the hydrophobic 
cavity. Thus, the distorted cone conformation gave rise to more symmetrical 
configurations approaching 4-fold symmetries (more or less squared shapes).
Recent studies have shown that CH3 "7t attractive interactions play a significant role in 
the complexation of neutral guests by calix[4]arenes [11]-[13].
W ip ff et a l  [14],[15] have carried out molecular dynamics studies on p-tert-butyl 
calix[4]arene tetraamide and its complexes with neutral and cationic guests. 
According to their findings the CH3 groups o f methanol and acetonitrile and the O -H  
bond of water are oriented more or less perpendicular to one phenolic ring of this 
ligand as if there was hydrogen bonding to a 7t system. The results of molecular 
modelling simulations performed by this group suggested that dipole-dipole 
interactions are responsible for orienting the dipole moment o f the guest in the cone 
opposite that of phenolic rings and dipole-quadrupole interactions may account for 
C-H/ti orientation [14]. They concluded that although all structures of the p-tert- 
butylcalix[4]arene tetraamide complexes are quite rigid and keep their cone 
conformation, a fair degree o f flexibility and mobility was identified. Thus, two basic 
kinds o f motion were demonstrated. The first one concerns the cone evolving from 4- 
fold to 2-fold symmetry depending on the presence o f a molecular guest in the upper 
rim and on the cation complexed at the lower rim. A  guest dependent mechanical 
coupling was demonstrated to occur between the motions o f the upper and lower rims. 
The second type o f motion is associated with the mobility o f the amide groups which 
are able to rotate, adopting converging or diverging orientations (either complete or 
partial) depending on the cation and the solvent [14],[15].
CHAPTER 3. M OLECULAR M ODELLING STUDIES 106
Additional structural information regarding the conformations o f calix[4]arene
derivatives and their complexes with lanthamde(III) cations in solution was obtained
from *H NMR measurements and these are discussed in the following chapter.
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C H A P T E R  4
1H N M R  C O M P L E X A T IO N  E X P E R IM E N T S
This chapter is concerned with the use o f the lH nuclear magnetic resonance 
technique for the investigation o f the complexation of selected lanthanide cations with 
macrocyclic ligands (L= [tetrates(7V,7V-diethylaminoethyl)oxyl]p-tert-butylcalix[4] 
arene, L2, 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methylthio) 
ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, L I  and /?-terf-butylcalix[4] 
arene tetradiisopropylacetamide, L3 shown in Fig.4.1).
In particular, this chapter focuses on the study o f the interactions o f the above ligands 
with selected tervalent lanthanide cations in the same conditions o f temperature and 
solvent used in conductimetric and calorimetric studies. Thus, all measurements were 
earned out at 298 K  using deuterated acetonitrile (CD3CN) or deuterated TV,77- 
dimethyl formamide (DMF-<77) solutions.
Studies o f the *H chemical shifts as functions of the metal-cation : ligand mote ratios 
are shown to reveal significant information on conformational changes, sites of 
complexation and the number of steps involved in the complexation process with the 
formation o f 1:1 and 2:1 metal ion - ligand complexes.
The rest o f this chapter is structured as follows,
a) Section 4.1. A  brief introduction o f the experimental techniques employed is 
given in this section.
b) Section 4.2. The JH NM R spectra o f the free ligands and some o f their metal - ion 
complexes as well as titration experiments are individually discussed.
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L2 L I
Fig. 4.1 Structures o f calix[4]arene derivatives.
4.1. EXPERIM ENTAL PROCEDURE
4.1.1. General 1H NMR measurements
*H NMR measurements were recorded at 298 K  using a Bruker AC-300E pulsed 
Fourier transform NM R spectrometer. Typical operating conditions for routine proton 
measurements involved ‘pulse’ or flip angle of 30°, spectral frequency (SF) o f 
300.135 MHz, delay time of 1.60 s, acquisition time (AQ ) o f 1.819 s, and line 
broadening of 0.55 Hz. Solutions of the samples in question (~ 5 mg) were prepared 
in the appropriate deuterated solvent and then placed in 5 mm NMR tubes using TMS 
(tetramethylsilane) as the internal reference.
4.1.2. 1H NMR complexation experiments
The complexing behaviour of calix[4]arene derivatives towards lanthanide metal 
cations was studied in solution using the !H nuclear magnetic resonance technique. 
Quantitative complexation measurements were earned out by adding a metal-ion salt 
of known concentration (lanthanide trifluoromethane sulfonate salts were used with a 
concentration range o f 1.0 x 10' to 3.0 x 10' mol dm' ) into the NM R tube already 
containing a known amount o f the ligand in question (concentration ranging from 9.5
A O O
x 10' to 1.1 x 10' mol dm ) dissolved in the appropriate deuterated solvent. 
Stepwise additions of varying amount o f the metal cation salt were undertaken until 
chemical shift changes ceased. Proton chemical shifts o f the free and complex ligand
CHAPTER 4. *H NMR COMPLEXATION EXPERIMENTS 109
were recorded with the results shown in tables as functions o f M 3+/L (metal cation : 
ligand) mole ratios. The spectra obtained are shown in Appendix A. All 
measurements were carried out at 298 K.
4.2. RESULTS AND DISCUSSION
4.2.1. 1H NMR spectrum of [tetrakis(A/,/V-diethylaminoethyl)oxyl]p- 
tert-butylcalix[4]arene, L2, in deuterated acetonitrile (CD3CN) at 
298 K
A  quick inspection o f the *H NM R spectrum of L2 in CD3CN) (see Table 4.1 and 
Appendix A, Fig. A .la ) shows the characteristic pair o f doublets o f the bridging 
methylene protons (ArCH2Ar) which appear in the *H NM R spectrum when the 
calix[4]arene is in the ‘cone’ conformation in solution [1]. The higher field one at 
3.221 ppm is assigned to the eq u a to ria l or exo protons (closer to the aromatic rings), 
while the lower field found at 4.410 ppm is assigned to the a x ia l or enclo methylene 
protons (closer to the phenolic oxygens) on the basis of NOE experiments and the 
shift induced by pyridine as a solvent [2]. *H NMR measurements performed in 
CDCI3 on the same ligand [3], revealed the existence of a rigid ‘cone’ conformation in 
solution, since the characteristic pair o f doublets due to the ArCH2Ar protons was still 
present in the proton spectrum even when the temperature was increased to 330 K.
Gutsche [4] has noted that the difference in the chemical shifts (A8ppm) between the 
high and low field pairs o f resonances arising from the methylene protons of 
calix[4]arene serves as a measure o f the ‘flattening’ of the cone: A$ is generally 0.9 
ppm for a system in the ‘cone’ conformation and decreases significantly in the 
‘flattened’ conformations [4]. This value for L2 is 1.2 ppm. The fact that this value 
is greater than 0.9 ppm indicates that the aromatic rings become more parallel to each 
other while the macrocycle adopts a distorted ‘cone’ conformation. This is caused by 
the introduction of ‘bulky’ OCH2CH2N groups which move as far as possible from 
each other in order to reduce steric and electrostatic effects at the lower rim. These 
findings are in agreement with similar *H NM R results published by Shinkai and co­
workers [5] and by Amaud-Neu and co-workers [6] for calix[4]arene derivatives.
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Additional features o f the *H NMR spectrum of L2 are also a pair o f triplets at 3.960 
and 3.032 ppm for the OCH2CH2N  system, an upfield singlet for the tert-butyl 
protons (all o f them equivalent), a quartet corresponding to the NCH2CH3 system and 
finally a single resonance in the aryl region due to the aromatic protons (also 
equivalent).
The !H NMR chemical shifts of the aromatic protons o f L2 are recorded at 6.75 ppm 
in CDCI3, 6.72 ppm in DMF-ify, 6.82 ppm in CD3OD and 7.06 ppm in CD3CN, at 298 
K. A  similar downfield shift in acetonitrile has also been observed in the NMR 
studies of p-tert-butylcalix[4]arene tetradiisopropylacetamide (see section 4.2.11), as 
well as p-tert-butylcalix[4]arene tetraethanoate also in CD3CN [7] and is believed to 
reflect a specific interaction that takes place between the ligand and the solvent which 
results in a ‘shaping effect’ of the macrocycle whereby the hydrophilic cavity is better 
‘preorganised’ for complexation [7]. The inclusion of organic solvent molecules in 
the hydrophobic pocket o f /?-fm-butylcalix [4]arene and its derivatives is well 
established by X-ray crystallographic studies [8], as for example in the case of the X- 
ray crystallographic determination of the toluene complex o f p-terr-butylcalix[4]arene
[9], as well as the X-ray crystal structure o f the 1:1 complex of p-tert- 
butylcalix[4jarene tetracarbonate with acetonitrile [10]. More recent studies canied 
out by Danil de Namor and co-workers involve the 1:1 complex o f 5, 11, 17, 23-tetra- 
tert-butyl[25, 26, 27, 28-tetrakis(2-pyridylmethyl)oxy]calix[4]arene with silver and 
acetonitrile [11] as well as the 1:1 complex o f the same ligand with sodium and 
acetonitrile [12] both established by X-ray studies.
These experimental findings, involving the interaction of L2 with acetonitrile, are in 
good agreement with molecular modelling studies which were discussed in chapter 3.
4.2.2. 1H NMR titration of [tetrakis(A/,A/-diethylaminoethyl)oxyl]p-fe/t- 
butylcalix[4]arene, L2, and yttrium trifluoromethanesulfonate in 
deuterated acetonitrile (CD3CN) at 298 K
Table 4.1 shows the chemical shift variations of the L2 protons in CD3CN as a 
function o f increasing (Y 3+/L) mole ratios (see Appendix A, Figs. A .la-A .lh  for Y 3+
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titration !H NM R stack plots). Conductance and calorimetry experiments suggest that 
the complexation involves two steps with the formation of 1:1 and 2:1 (cationdigand) 
complexes. Inspection of the data in Table 4.1 reveals that on addition of Y 3+ to the 
ligand solution, the signal positions of the groups linked to the lower rim of the ligand 
are deshielded. Whereas the most marked downfield shifts seem to be those 
experienced by the methylene protons next to the nitrogen, the resonances due to the 
methylene protons adjacent to oxygen are also affected to a somewhat lesser extent. 
The table clearly shows that the chemical shift changes occur gradually with an 
increase o f the salt concentration up to an approximate cation/ligand ratio of 2:1. 
With the addition o f an excess of the salt, the position o f the signals remains virtually 
unchanged. A  further point of interest arises from the observation that increasing 
amounts o f Y (CF3SC>3)3 in the L2 solution cause the signals corresponding to the 
methylene protons o f the OCH2CH2N system as well as the methylene protons o f the 
NCH2CH3 system to broaden. However, by the time the ratio of Y 3+/L becomes 2 the 
spectrum clears up again showing shaip multiplets for the latter protons. The fact that 
complex multiplets take the place o f the 1:2:1 triplets of the OCH2CH2N  system 
observed in the case o f the free ligand, suggest that restricted rotations occur upon 
complexation. The proposed changes in the conformational geometry of the ligand 
are also supported by the A5ppm = Hax - Heq. Thus the axial protons are shielded 
whereas the equatorial protons are deshielded upon complexation. As a result the 
shift difference between the pair o f doublets decreases from the free to the complex 
ligand (from 1.189 to 0.812 ppm). This change implies that the aromatic rings o f the 
hydrophobic cavity are now adopting a flatter more parent ‘cone’ -like conformation 
as the OCH2CH2N groups of the hydrophilic cavity are moving closer together in 
order to coordinate to the metal cation.
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Table 4.1 *H N M R  chemical shifts (5ppm) o f L2 with the addition o f Y (C F3S03)3 
in CD3CN at 298 K.
(Y3+/L) Ai-H Hax Heq O-CH2CH2N O-CH2CH2N NCH2CH3 nch?ch3 f-butyl
Free
ligand 7.060 4.410 3.221 3.960 3.032 2.580 1.011 1.142
0.17 7.045 4.382 3.244 3.997 3.058 2.647 1.038 1.133
0.33 7.036 4.354 3.264 4.032 3.092 2.707 1.064 1.129
0.50 7.029 4.330 3.278 4.060 3.126 2.760 1.084 1.125
0.66 7.024 4.308 3.289 4.088 3.164 2.810 1.102 1.122
0.83 7.023 4.289 3.300 4.117 3.199 2.859 1.121 1.121
0.99 7.022 4.270 3.310 4.146 3.236 2.908 1.138 1.119
1.16 7.021 4.250 3.321 4.179 3.300 2.956 1.156 1.118
1.32 7.021 4.233 3.332 4.213 3.332 3.016 1.174 1.117
1.49 7.020 4.218 3.342 4.240 3.363 3.085 1.192 1.116
1.66 7.021 4.201 3.351 4.278 3.436 3.154 1.207 1.116
1.82 7.023 4.186 3.361 4.310 3.493 3.201 1.224 1.115
1.99 7.023 4.177 3.366 4.325 3.529 3.224 1.233 1.115
2.21 7.024 4.178 3.366 4.325 3.529 3.224 1.233 1.115
2.43 7.024 4.178 3.366 4.325 3.529 3.224 1.233 1.115
2.71 7.024 4.178 3.366 4.325 3.529 3.224 1.233 1.115
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The most striking feature of this titration is the crossing which is observed between 
three different sets o f signals after or on the addition o f the second metal cation. Thus 
the Hax protons cross with the OCH9CH9N  protons, the Heq protons cross with the 
OCH9CH9N protons, and finally the NCH2CH3 protons cross with the Lbutyl protons 
as shown in Figs. 4.2a, 4.2b and 4.2c respectively. This might suggest that the whole 
structure of the ligand after complexing the first cation rearranges in such a way as to 
minimise the electrostatic repulsion experienced due to the oncoming o f the second 
cation. This is possibly achieved by the nitrogen pendant arms moving inwards closer 
to the hydrophobic cavity trying to ‘enwrap’ the first cation and therefore shield it 
against the electrostatic repulsion which is bound to occur by the entrance of the 
second cation. This is reflected in the downfield movement of the methylene protons 
of the OCH2CH2N system as well as the methylene protons o f the NCH2CH3 which 
are therefore getting closer to the chemical environment o f the aromatic protons.
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Plot of Hax and O-CHo-CHoN 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L2 with Y(CF3S03)3 at 298 K.
(a)
Plot of Heq and Q-CHa-CH?N 1H NMR chemical shifts (Sppm) vs. the 
mole ratio for the titration of L2 with Y(CF3S03)3at 298 K.
Mole Ratio (Y3+/L2)
(b)
Plot of NCHo-CHi and f-butyl 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L2 with Y(CF3S03)3at 298 K.
1.3 --
_  1.1
E v
O 1.0 +
NCH2CH3 
-o -  t-butyl
0.0 1.0 1.5 2.0 2.5
Mole Ratio (Y3+/L2)
(C)
Fig. 4.2 NMR titration curves showing selective shift changes.
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4.2.3. 1H NMR titration of [tetrakis(A/,A/-diethylaminoethyl)oxyl]p-fe/t- 
butylcalix[4]arene, L2, and lanthanum trifluoromethanesulfonate in 
deuterated acetonitrile (CD3CN) at 298 K
Table 4.2 shows the chemical shift variations o f L2 protons in CD3CN as a function 
o f increasing (La3+/L) mole ratios (see Appendix A, Figs. A.2a-A.2h for La3+ titration 
!H NM R stack plots). In this titration the chemical shift changes follow exactly the 
same pattern as in the previous titration o f the same ligand with Y 3+. Again on 
addition o f the metal cation the resonances o f the protons of the lower rim groups are 
deshielded with the methylene protons next to the nitrogen being affected to a higher 
extent. The chemical shift changes occur gradually with an increase in the metal-ion 
salt concentration. When the La3+/L mole ratio reaches the value o f 2, the chemical 
shift changes cease and the spectrum clears up, showing multiplets for the protons of 
the CH2CH2N and NCH2CH3 systems as described extensively in the previous 
titration. Similarly to what is observed in the interaction of this ligand with yttrium, 
the shift difference (A5) between the pair o f doublets due to the axial and equatorial 
protons decreases from the free to the complex ligand (in this case from 1.189 to 
0.802 ppm) as the shell closes when complexation with the metal cation takes place, 
which indicates that the phenol units in the macrocycle become more flattened.
Figs. 4.3a, 4.3b and 4.3c show the characteristic crossings which occur between the 
Hax and the OCH2CH2N protons, the Heq and the QCH2CH2N  protons, and finally the 
NCH9CH3 and the £-butyl protons respectively.
CHAPTER 4. *H NMR COMPLEXATION EXPERIMENTS 116
Table 4.2 XH N M R  chemical shifts (6ppm) o f L2 with the addition o f La(CF3S 0 3)3 
in CD3CN at 298 K.
(La3+/L) ArH Hax Heq o-ch2ch2n O-CH2CH2N NCH2CH3 NCH2CH3 /-butyl
Free
ligand 7.064 4.416 3.227 3.958 3.027 2.584 1.012 1.142
0.17 7.050 4.382 3.248 3.999 3.061 2.650 1.040 1.135
0.34 7.039 4.350 3.267 4.034 3.096 2.714 1.066 1.129
0.50 7.032 4.324 3.281 4.064 3.131 2.769 1.087 1.125
0.67 7.028 4.303 3.293 4.089 3.165 2.812 1.107 1.123
0.84 7.026 4.283 3.303 4.114 3.206 2.851 1.121 1.121
1.01 7.024 4.229 3.311 4.164 3.248 2.882 1.140 1.120
1.17 7.022 4.222 3.322 4.222 3.301 2.922 1.159 1.119
1.34 7.023 4.220 3.339 4.220 3.339 3.011 1.178 1.119
1.51 7.023 4.221 3.344 4.221 3.490 3.194 1.194 1.117
1.68 7.023 4.208 3.354 4.291 3.489 3.210 1.220 1.116
1.84 7.023 4.152 3.364 4.317 3.488 3.220 1.230 1.116
2.01 7.022 4.167 3.366 4.317 3.502 3.220 1.231 1.116
2.18 7.024 4.169 3.368 4.318 3.515 3.222 1.233 1.116
2.39 7.024 4.170 3.368 4.318 3.512 3.222 1.233 1.116
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Plot of Haxand O-CHo-CHoN 1H NMR chemical shifts (8ppm) vs. the
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Mole Ratio (La3+/L2)
(a)
Plot of Heq and O-CHo-CHoN 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L2 with La(CF3S03)3 at 298 K.
Mole Ratio (La37L2)
(b)
Plot of NCH2-CHa and f-butyl 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L2 with La(CF3S03)3 at 298 K.
1.3 --
1.0 --
NCH2CH3 
[-B-t-butyl1.0 4...-.......... ...1------ 1---------1----------- 1------------!------- - --- 1
0.0 0.5 1,0 1.5 2.0 2.5 3.0
Mole Ratio (La3+/L2)
(c)
Fig . 4.3 *H NMR titration curves showing selective shift changes.
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4.2.4. 1H NMR spectrum of the Eu3+ complex of [tetrakis(A/,A/-diethyl 
aminoethyl)oxyl]p-te/f-butylcalix[4]arene, L2, in CD3CN at 298 K
The proton NMR spectrum of the Eu3+ complex o f L2 (see Appendix A, Fig. A.3a) is 
similar to those of the Y 3+ and La3+ complexes suggesting that the addition of Eu3+ to 
this ligand follows the same pattern, with the fonnation of a 2:1 complex, since its 
characteristic spectrum is also observed in this case. Table 4.3 shows the NMR 
chemical shifts o f L2 and its Eu3+ complex in CD3CN at 298 K.
Table 4.3 1H N M R  chemical shifts (5ppm) o f L2 and its Eu3+ complex in CD3CN 
at 298 K.
ArH 7.062 7.023
Hax 4.413 4.179
Heq 3.224 3.365
O-CH2CH2N  3.959 4.327
O-CH2CH2N 3.030 3.518
NCIT9CH3 2.582 3.225
NCH9CH9 1.011 1.233
f-butyl 1.142 1.114
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4.2.5. Summary of selected 1H NMR chemical shifts for [tetrakis(A/,/V- 
diethylaminoethyl)oxyl]p-te/t-butylcalix[4]arene (L2 ) metal-ion 
complexes in CD3CN at 298 K
Table 4.4 summarises the chemical shift changes for the complexation of L2 with 
yttrium, lanthanum and europium cation salts in CD3CN at 298 K. A ll three cations 
interact with L2 using both donor atoms (N  and O) and forming 2:1 complexes (two 
metal cations per unit o f ligand) in this solvent. The greatest chemical shift changes 
are found in the protons adjacent to the nitrogen atoms suggesting that these interact 
more strongly to the cations than other donor atoms of the ligand.
Table 4.4 Summary o f XH  N M R  chemical shift changes (ppm) for L2 metal-ion 
complexes with respect to the free ligand in CD3CN at 298 K.
Proton A8(ppm) A8(ppm) A8(ppm)
Y 3+complex La3+complex Eu3+complex
ArH -0.036 -0.040 -0.039
Hax -0.232 -0.246 -0.234
Heq +0.145 +0.141 +0.141
O-CH2CH2N +0.365 +0.360 +0.368
O-CH2CH2N +0.497 +0.485 +0.488
NCH2CH3 +0.644 +0.638 +0.643
NCH9CH3 +0.222 +0.221 +0.222
r-butyl -0.027 -0.026 -0.028
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4.2.6. 1H NMR spectrum of 5, 11, 17, 23-tetrakis-(1, 1-dimethylethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy] 
calix[4]arene, L1
In the case o f the *H NM R spectrum of L I  in CD3CN (see Table 4.5 and Appendix A, 
Fig. A.4a), the ‘cone’ conformation is observed, since the axial and equatorial 
hydrogens of the methylene bridge are chemically non-equivalent and appear as a pair 
of doublets in this spectrum [1] (at 4.203 and 3.036 ppm respectively) as in the case o f 
L2.
*H NMR experiments carried out with L I  in DMSO-/4 in order to assess the rigidity 
o f the ‘cone’ conformation at high temperatures, established the existence of a fixed 
‘cone’ conformation in solution even at 373 K, since no significant change was 
recorded in the proton spectrum [13].
As already described in section 4.2.1, the conformational characteristics of the cone in 
calix[4]arenes can be estimated by the difference in chemical shifts between the axial 
and equatorial protons. This value (A8ppm - Hax - Heq) is 1.2 ppm for L I ,  while for a 
system in the ‘cone’ conformation is generally 0.9 ppm [4]. This shift difference 
indicates the presence o f a distorted ‘cone’ conformation for L I  and is believed to be 
attributed to new ring current effects on the methylene protons which cause greater 
shielding to the equatorial protons (therefore moving their signal upfield) and less 
shielding to the axial protons (moving their signal downfield) [14]. The overall result 
is an increase in the AS value. Steric crowding between the lower rim substituents is 
believed to be responsible for the distorted ‘cone’ conformations o f L I  and L2 .
Also present in the spectrum of L I  are four triplets between 3.946 and 2.751 ppm, 
two o f them corresponding to the OCH2CH2S system, and the other two 
corresponding to the OCH2CH2N  system. The lack o f the characteristic 1:2:1 triplet 
intensity pattern observed here is due to the restricted rotation around the C-C bond of 
the above systems which is due to the steric crowding between the lower rim 
substituents. Stepwise acid titrations using deuterated trifluoroacetic or perchloric 
acid allowed the assignment o f the proton signals to the corresponding amine 
(OCH2CH2N) or methylethylthio (OCH2CH2S) substituents [13],
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Another distinctive feature o f this spectrum not observed in the *H NM R spectrum of 
L2 is the non-equivalence o f the tert-butyl protons as well as the aromatic protons, 
characteristic o f the mixed donor ligands. This gives rise to two different sets of 
resonances for each case. Assignment o f these resonances with respect to the lower 
rim substituents has not yet been successful.
4.2.7. 1H NMR titration of 5, 11, 17, 23-tetrakis-(1, 1-dimethylethyi)- 
25, 27-bis[2-(methylthio)ethoxy]-26,28-bis[2-(diethylamine)ethoxy] 
calix[4]arene, L1, and yttrium trifluoromethanesulfonate in 
deuterated acetonitrile (CD3CN) at 298 K
Table 4.5 shows the chemical shift changes o f L I  protons in CD3CN as a function of 
increasing (Y 3+/L) mole ratios (see Appendix A, Figs. A.4a-A.4h for Y 3+ titration *H 
NM R stack plots). Only the protons o f the nitrogen substituents are deshielded upon 
complexation, while the sulphur substituents move upfield. The most marked 
downfield shifts seem to be those experienced by the methylene protons on either side 
o f nitrogen, followed by the methylene protons adjacent to the oxygen in the 
OCH2CH2N  system. The ligand therefore uses its N, O, and S donor sites in order to 
complex the cation, although the nitrogen atoms seem to interact more strongly.
As the complexation process proceeds, the two aromatic and /-butyl signals move 
progressively closer and indeed remain very close together at the end o f the titration 
(see Table 4.5). The fact that these signals move to a similar resonance position 
indicates the formation of a more symmetrical ‘cone’ conformation as complexation 
with the metal cation forces the pendant arms to move closer. This is also supported 
by the conformational changes which occur in the bridging methylene protons on 
addition of the Y 3+ salt. Thus, the axial protons are shielded while the equatorial 
protons are deshielded, resulting in a shift difference between the pair o f doublets of 
0.982 ppm which resembles a more symmetrical parent-like ‘cone’ conformation 
when compared with 1.167 ppm in the free ligand. After the 1:1 ratio is reached, all 
chemical shifts virtually are non-existent.
Figs. 4.4a-4.4d show the chemical shift titration curves for selected resonances.
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Plot of O-CHXH+S and O-CHXHoN 1H NMR chemical shifts (Sppm) 
vs. the mole ratio for the titration of L1 with Y(CF3S03)3at 298 K.
Mole Ratio (Y3+/L1)
(a)
Plot of Heq and OXHoChUN 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L1 with Y(CF3S03)3at 298 K.
Mole Ratio (Y3+/L1)
(b)
Plot of OXHXHUS and NCHXH, 1H NMR chemical shifts (8ppm) vs. 
the mole ratio for the titration of L1 with Y(CF3S03)3at 298 K.
Mole Ratio (Y3+/L1)
(c)
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Plot of NCH»CH« and f-butyl 1H NMR chemical shifts (8ppm) vs. the
Mole Ratio (Y3+/L1)
(d)
Fig. 4.4 N M R  titration curves showing selective shift changes.
4.2.8. 1H NMR titration of 5, 11, 17, 23-tetrakis-(1, 1-dimethylethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26,28-bis[2-(diethylamine)ethoxy] 
calix[4]arene, L1, and lanthanum trifluoromethanesulfonate in 
deuterated acetonitrile (CD3CN) at 298 K
A  similar pattern in the chemical shift changes for the titration of L I  with La3+ shown 
in Table 4.6, is observed in this case (see Appendix A, Figs. A.5a-A.5g for La3+ 
titration *H NMR stack plots) as for the titration described in section 4.2.8 with the 
same ligand and Y 3+.
Again only the protons of the nitrogen substituents are deshielded upon complexation 
whereas the sulphur substituents move upfield. The active sites for the complexation 
are again N, O, and S, while the greatest chemical shift changes are observed for the 
methylene protons on either side o f the nitrogen donor atoms. The chemical shift 
difference between the Hax and Heq resonances (A8ppm = Hax - Heq) is 0.979 ppm in this 
case which when compared with the value o f 0.167 ppm for the free ligand, it 
indicates the formation o f a more symmetrical ‘cone’ conformation. This is also 
supported by the movement o f the two aromatic and /-butyl signals to similar 
resonance positions at the end of the titration experiment (see Table 4.6), suggesting 
that these protons occupy chemically equivalent positions within the structure o f the 
ligand which therefore adopts a more symmetrical conformation.
Figs. 4.5a-4.5d show the chemical shift titration curves for selected resonances.
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Plot of O-CHoCHoS and O-CH0CH0N 1H NMR chemical shifts (8ppm)
Mole Ratio (La3+/L1)
(a)
Plot of Heq and O-CH0CH0N 1H NMR chemical shifts (8ppm) vs. the
Mole Ratio (La3+/L1)
(b)
Plot of O-CHiCHoS and NCH,CHi 1H NMR chemical shifts (8ppm) vs. 
the mole ratio for the titration of L1 with La(CF3S03)3 at 298 K.
Mole Ratio (La3+/L1)
(c)
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Plot of NCH0CH1 and f-butyl 1H NMR chemical shifts (8ppm) vs. the 
mole ratio for the titration of L1 with La(CF3S03)3 at 298 K.
Mole Ratio (La3+/L1)
(d)
Fig. 4.5 1H NMR titration curves showing selective shift changes.
4.2.9. 1H NMR spectra of the Sc3+ and Eu3+ complexes of 5, 11, 17, 
23-tetrakis-(1, 1-dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]- 
26, 28-bis[2-(diethylamine)ethoxyJcalix[4]arene, L1, in CD3CN at 
298 K
Inspection of the !H NM R spectra o f the scandium and europium complexes o f LI 
(see Appendix A, Figs. A.6a and A.7a respectively and chapter 2 for the preparation 
o f the complexes) reveals their similarity with those of the same ligand and yttrium as 
well as lanthanum discussed in sections 4.2.7 and 4.2.8 respectively. Table 4.7 shows 
the *H NMR chemical shifts o f the free LI and its Sc3+ and Eu3+ complexes in 
CD3CN at 298 K. The formation of a symmetrical ‘cone’ conformation upon 
complexation described in the above sections is even more pronounced here, as the 
two aromatic and /-butyl signals almost coalesce (Table 4.7).
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Table 4.7 NMR chemical shifts (8ppm) of LI and its Sc3+ and Eu3+ complexes 
in CD3CN at 298 K.
Proton 8 (ppm) 8 (ppm) 8 (ppm)
free ligand Sc3+ complex Eu3+ complex
ArH 7.200, 6.867 7.014,7.001 7.012, 7.003
Hax 4.401 4.287 4.292
Heq 3.214 3.301 3.311
O-CH2CH2S 4.140 4.077 4.075
O-CH2CH2N 3.825 4.241 4.255
O-CH9CH9S 3.252 3.019 3.011
O-CH9CH9N 2.948 3.609 3.614
NCH2CH3 2.590 3.251 3.256
s c h 3 2.208 2.138 2.198
NCH2CH3 1.011 1.285 1.289
/-butyl 1.248, 1.006 1.119, 1.106 1.117, 1.109
4.2.10. Summary of selected 1H NMR chemical shifts for 5, 11, 17,23- 
tetrakis-(1, 1-dimethylethyl)-25, 27-bis[2-(methylthio) ethoxy]-26,28 
-bis[2-(diethylamine)ethoxy]calix[4]arene (L1 ) metal-ion complexes 
in CD3CN at 298 K
Table 4.8 summarises the chemical shift changes for the complexation o f LI with 
scandium, yttrium, lanthanum and europium cation salts in CD3CN at 298 K. In all
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the above cases, 1:1 complexes are formed in CD3CN. The active sites of 
complexation are provided by the N  and O donor atoms and to a lesser extent by the S 
atoms, with the greatest chemical shift changes observed for the methylene protons 
adjacent to the amine nitrogens.
Table 4.8 Summary of 1H NMR chemical shift changes (ppm) for LI metal-ion 
complexes with respect to the free ligand in CD3CN at 298 K.
A8(ppm) A8(ppm) A8(ppm) A8(ppm)
Sc3+complex Y3+ complex La3+complex Eu3' complex
A r H - 0 . 1 8 6 ,  + 0 .1 3 4 - 0 . 1 5 4 ,  + 0 .1 0 1 - 0 . 1 3 0 ,  + 0 .0 8 2 - 0 . 1 8 8 ,  + 0 .1 3 6
H ax - 0 . 1 1 4 - 0 . 1 1 6 - 0 . 1 1 6 - 0 . 1 0 9
H eq + 0 .0 8 7 + 0 .0 7 0 + 0 .0 7 2 + 0 .0 9 7
0 - C H 2 C H 2S - 0 .0 6 3 - 0 .0 5 9 - 0 .0 5 2 - 0 .0 6 5
0 - C H 2C H 2N + 0 .4 1 6 + 0 .3 9 3 + 0 .3 7 8 + 0 .4 3 0
0 - C H 2C H 2S - 0 .2 3 3 - 0 . 2 1 7 - 0 .2 0 4 - 0 . 2 4 1
0 - C H ? C H ? N + 0 .6 6 1 + 0 .6 5 4 + 0 .6 4 6 + 0.666
N C H 2C H 3 + 0 .6 6 1 + 0 .6 6 2 + 0 .6 5 2 + 0.666
s c h 3 - 0 . 0 7 0 - 0 .0 4 6 + 0.002 - 0.010
n c h ?c h 3 + 0 .2 7 4 + 0 .2 6 3 + 0 .2 7 2 + 0 .2 7 8
/ -b u ty l - 0 . 1 2 9 ,  + 0 .1 0 0 - 0 . 1 0 3 ,  + 0 .0 7 0 - 0 .0 8 5 , + 0 .0 5 6 - 0 . 1 3 1 , + 0 . 1 0 3
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Fig. A.8a in Appendix A  shows the *H NM R spectrum of the Dy3+ complex o f L I  in 
CD3CN at 298 K. This paramagnetic metal cation was chosen in order to show the 
characteristic broadening of the peaks observed in this case.
4.2.11. 1H NMR spectrum of p -te rt-butylcalix[4]arene tetradiisopropyl 
acetamide, L3
The ]H NMR spectrum of L3 in CD3CN at 298 K  (see Table 4.9 and Appendix A, 
Fig. A.9a) shows a pair o f doublets, arising from the axial (Hax) and equatorial (Heq) 
protons o f the methylene bridge, characteristic o f a calix(4)arene in the ‘cone’ 
conformation in solution [1]. The downfield doublet at 5.347 ppm (closer to the 
phenolic oxygens) corresponds to the axial protons whilst the upfield one at 3.224 
ppm corresponds to the equatorial methylene protons.
The spectrum also shows the expected singlets for the p-tert-butyl protons at 1.169 
ppm (all of them equivalent), the also equivalent aromatic protons at 7.111 ppm and 
the methylene protons o f the acetamide group CH2CON at 4.998 ppm. Lastly, two 
multiplets and a pair of doublets arising from the acetamide terminal protons o f the 
NCH(CH3)2 systems are recorded.
The presence o f the singlet for the aromatic protons indicates that they must occupy 
the same position within the structure (ring currents equally affecting all the aromatic 
protons to produce the same signal). The ligand therefore adopts a symmetrical 
‘cone’ conformation in this solvent.
The resonance o f the aromatic protons of the free ligand occurs at 6.76, 6.77 [15], 
6.75 [15], 6.81 [15] and 7.11 ppm in chloroform-^ (CDC13), ethanol-d6 (CD3CD2OD), 
butan-l-ol-dio (CD3(CD2)3OD), methanol-^ (CD3OD) and acetonitrile-d3 (CD3CN) 
respectively at 298 K. The downfield shift observed for the aromatic signal in the 
presence of deuterated acetonitrile also recorded in the NMR studies o f [tetrakis(iV,iV- 
diethylaminoethyl)oxyl]+-ter/-butylcalix[4]arene (see section 4.2.1), suggests that this 
solvent possibly interacts with the hydrophobic cavity o f the ligand as discussed in 
detail in section 4.2.1. Thus, besides Danil de Namor et al. [7], W ip ff and co-workers
[16] also suggested that some solvent molecules may interact with the hydrophobic
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cone o f a calixarene host and ‘preorganise’ it for complexation by adjusting the 
precise shape o f the cone at the lower rim. This is further supported by molecular 
modelling studies carried out by us in  vacuo involving this ligand (see chapter 3).
Ungaro and co-workers [17] have reported the crystal structure o f a closely related 
ligand to L3 containing ethyl instead o f isopropyl groups. According to their studies, 
the conformation o f this ligand shows that the four carbonyl groups attached to the 
aromatic rings are oriented towards the interior o f the macrocycle. This arrangement 
confers more rigidity to the calixarene structure as well as a higher degree of 
‘preorganization’ prior to complexation when compared with the tetraester calixarene 
derivative. The structure o f the latter shows only two COOBu1 groups inside the 
hydrophilic cavity and the methylene groups pointing outside whilst the two 
remaining COOBu1 groups are directed outside the cavity and the CH2 inside [18]. 
Only a simple rotation o f the carbonyl groups towards the inside o f the cavity is 
therefore expected to be necessary for complexation of L3 with metal cations.
4.2.12. 1H NMR titrations of p-tert-butylcalix[4]arene tetradiisopropyl 
acetamide, L3, with yttrium, lanthanum, europium and lutetium 
trifluoromethanesulfonates in deuterated acetonitrile at 298 K
Table 4.9 lists the *H NMR chemical shifts of L3 and its yttrium, lanthanum and 
lutetium complexes in CD3CN at 298 K  (see Appendix A, Figs. A. 10a, A. 11a and 
A. 12a for the respective *H NM R spectra).
Comparison of the *H NMR spectrum o f the free L3 with those of the Y 3+ and Lu3+ 
complexes shows considerable changes in most signals. The most significant 
observation is the presence o f two sets o f aromatic signals (a pair of doublets) 
replacing the singlet o f the equivalent aromatic protons in the *H NM R spectrum of 
the free ligand. This may suggest that the aromatic rings adopt a 2-fold ‘cone’ 
symmetry in the presence of these metal cations.
Fig. A . 13a in Appendix A shows the *H NMR spectrum of the Eu3+ complex of L3 in
CD3CN at 298 K . The characteristic broadening of the peaks observed in this case is
due to the paramagnetic character of this lanthanide ion. The key point in this
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experiment is the non equivalence of the aromatic protons (a pair of doublets is again 
recorded), clearly shown in the spectrum. In the case of the La3+ complex of L3 
however, the macrocycle maintained its fourfold symmetry, since the !H NMR 
spectrum shows only a singlet for the aromatic protons.
Beer and co-workers [19] have reported the crystal structures of a series of transition- 
metal complexes of p-te/Y-butylcalix[4]arene tetraacetamide whose structure is very 
close to L3 (ethyl groups replace the isopropyl ones in L3). They found that the size 
of the hydrophilic cavity defined by the eight oxygen atoms (four ethereal and four 
carbonyl) is such that it fits the stereochemical requirements of the larger cations such 
as K+ and Pb2+ (cation size 1.38 and 1.19 A respectively for coordination number 6
[20]). It is rather impossible for the cavity to adjust its size so as to allow small 
transition metal-ions to fit in with eight equivalent bond lengths, mainly due to the 
relative inflexibility of the ether oxygen atoms which cannot approach each other. 
Unlike these, the carbonyl oxygens are more flexible and therefore more able to move 
closer in order to interact with the smaller transition-metals. Thus, cations such as 
Zn2+, Fe2+ and Cu2+ (cation size 0.74, 0.61 and 0.73 A respectively for coordination 
number 6 [20]) interact strongly with the four carbonyl oxygen atoms while the bonds 
formed between these cations and the four ether oxygen atoms are much weaker. A 
distorted-octahedral structure was found for Ni2+ (cation size 0.69 A for coordination 
number 6 [20]) where this cation is placed close to only six oxygen atoms (three 
ethereal and three carbonyl).
Similarly in these studies, the difference in the symmetry of the metal-ion complexes 
revealed by *H NMR spectroscopy could reflect the size cation effect. Thus, La3+ is 
first in the lanthanide series and therefore the biggest cation with an ionic radius of 
1.061 A [21], able to form a 4-fold symmetric complex with L3. Lu3+ is last in the 
series therefore the smallest with an ionic radius of 0.848 A [21] forming a 2-fold 
symmetric complex with L3. The same situation is observed for Eu3+ and Y+ whose 
ionic radii are 0.950 A and 0.880 A respectively [21].
Further conformational changes which occur as complexation with metal-ions take
place are also observed in the bridging methylene protons. In all cases, both axial and
equatorial protons are deshielded which results in a considerable decrease in the shift
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difference between the pair of doublets from the free to the complex ligand (from 
2.123 to 0.571 and 0.523 ppm in the cases of yttrium and lutetium respectively). As 
previously stated [4], the A8(ppm) values between Hax and Heq in calix[4]arenes 
depend on their conformation and these are generally ca. 0.5 ±0.1 ppm for a system 
in the ‘flattened cone’ conformation similar to the values observed above.
A direct consequence of the conformational changes of the ligand upon complexation 
is that the donor atoms on the pendant arms of the nearly flattened aromatic rings are 
able to interact more strongly with the metal cation.
The largest chemical shift change is observed for the equatorial protons which move 
upfield. The next most significant shift is observed for the methylene protons of the 
acetamide groups CH2CON which exhibit high upfield shifts of 1.229, 1.142 and 
1.236 ppm for Y3+, La3+ and Lu3+ respectively. These may indicate that the amide and 
possibly the phenolic oxygens are strongly involved in the complexation process. 
This upfield shift can be explained by assuming that the CO groups move inwards the 
hydrophilic cavity towards the metal cation upon complexation which brings the CH2 
protons towards the exterior of the hydrophilic cavity where they experience a 
shielding effect in the presence of the aromatic rings.
The nitrogen donor atoms seem to be less involved in the complexation since the 
adjacent terminal protons exhibit small shift changes.
In all the above JH NMR titration experiments, the 1:1 stoichiometry was clearly 
demonstrated since all signals remained virtually unchanged after the salt / ligand 
ratio reached the unity value.
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Table 4.9 NMR chemical shifts (8ppm) of L3 and its metal-ion complexes in 
CD3CN at 298 K.
Proton 8(ppm) A8 (ppm) A8(ppm) A8(ppm)
free ligand Y3+complex La3+complex Lii3icomplex
ArH 7.111 +0.488 +0.497 +0.489
Hax 5.347 +0.091 +0.053 +0.074
TTWeq 3.224 +1.643 +1.876 +1.674
ch2c o n 4.998 -1.229 -1.142 -1.236
(0)NCH(CH3)2 3.950 +0.112 +0.047 +0.182
NCH(CH3)2 3.508 +0.094 +0.078 +0.094
(0)NCH(CH3)2 1.362 +0.146 +0.176 +0.132
NCH(CH3)2 1.129 +0.136 +0.106 +0.147
/-butyl 1.169 +0.047 +0.052 +0.047
In order to assess the medium effect on the complexation of these ligands with these 
metal cations, *H NMR measurements were carried out in deuterated N ,N - 
dimethylformamide (DMF-d7) at 298 K and these are now discussed.
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4.2.13. 1H NMR spectrum of [tetrakis(/V,/V-diethyIaminoethyl)oxyl]p- 
ferf-butylcalix[43arene, L2, in DMF-d j at 298 K
The *H NMR spectrum of L2 in DMF-d7 (see Appendix A, Fig. A. 14a) shows the 
same sets of peaks observed in CD3CN. Thus, the calixarene is in the cone 
conformation in this solvent as confirmed by the non-equivalence of the axial (Hax) 
and equatorial (Hax) protons. The chemical shift difference between Hax and Heq is 
1.218 ppm (see Table 4.10) which, as discussed in section 4.2.1, indicates that the 
ligand adopts a distorted cone conformation in this solvent. The equivalence of the 
aromatic and /-butyl protons observed in CD3CN is maintained in DMF-r/7. An 
upfield shift (of approx. 0.15 ppm) is recorded for all protons in this medium (see 
Tables 4.2 and 4.10) with the aromatic and /-butyl protons being affected to a greater 
extent A8 = 0.344 and 0.230 ppm respectively).
4.2.14. 1H NMR titration of [tetrakis(N,N-diethylaminoethyl)oxyl]p-te/f- 
butylcalix[4]arene, L2, and yttrium trifluoromethanesulfonate in 
DMF-d? at 298 K
On addition of Y3+ to a solution of L2 in DMF-d7 (see Table 4.10 and Appendix A, 
Figs. A.14a-A.14f) both donor atoms of L2, N and O appear to be involved in the 
complexation process as in the case of the same experiment earned out in CD3CN 
(see section 4.2.2). Once more, the lower rim protons are deshielded upon 
complexation, with the methylene protons on either side of the nitrogen donor atoms 
being deshielded to a greater extent than those adjacent to oxygen, suggesting that the 
former atoms bind more strongly to the metal cation.
The proton signal shifts in DMF-d7 however are considerably smaller compared to the 
corresponding ones in CD3CN as inspection of Tables 4.10 and 4.4 reveals. This 
suggests that the interaction between L2 and Y3+ is stronger in the latter solvent.
The most important point of interest is that after the 1:1 (Y3+/L) mole ratio is reached, 
the chemical shift changes virtually cease. The rearrangement of the 1:1 complex 
facilitating the addition of the second cation in the case of CD3CN (see section 4.2.2)
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is not observed here, a fact which suggests that the formation of the 2:1 complex does 
not occur in this solvent.
A further point of interest arises from the observation that upon addition of the metal­
ion salt to the ligand solution, the signals of the methylene protons of the OCH2CH2N 
system as well as the methylene protons of the NCH2CH3 system broaden and remain 
so until the end of the titration.
As in the case of the titration in CD3CN, the axial protons are shielded whereas the 
equatorial protons are deshielded upon complexation. This results in a decrease in the 
shift difference between the pair of doublets of the bridging methylene protons 
(ArCH2Ar) from the free to the complex ligand (from 1.218 to 1.197 ppm 
respectively) which is considerably smaller compared to the corresponding shift 
difference in acetonitrile (from 1.189 to 0.812 ppm, see section 4.2.2). This suggests 
that only a minimum amount of conformational movement of the ligand takes place 
during complexation in A,M-dimethylformamide, which is indeed what is expected, 
since the formation of a 2:1 complex which would require a major rearrangement of 
the ligand does not take place in this solvent.
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Table 4.10 *H NMR chemical shifts (5ppm) of L2 with the addition of Y(CF3SC>3)3 
in DMF-d7 at 298 K.
(Y3+/L) ArH Hax Heq o-ch2ch2n o-ch?ch?n nch2ch3 NCH2CH3 f-butyl
Free
ligand 6.720 4.260 3.042 3.812 2.875 2.426 0.857 0.912
0.11 6.720 4.259 3.043 3.813 2.878 2.429 0.859 0.911
0.22 6.721 4.257 3.045 3.816 2.882 2.434 0.863 0.911
0.44 6.723 4.256 3.047 3.819 2.886 2.438 0.866 0.912
0.59 6.723 4.254 3.048 3.822 2.890 2.445 0.868 0.912
0.74 6.724 4.253 3.049 3.825 2.894 2.456 0.870 0.912
0.93 6.724 4.251 3.050 3.828 2.897 2.467 0.872 0.911
1.11 6.724 4.251 3.050 3.831 2.901 2.471 0.874 0.911
1.33 6.725 4.250 3.051 3.832 2.902 2.472 0.874 0.911
1.63 6.725 4.249 3.051 3.833 2.902 2.472 0.875 0.911
1.93 6.725 4.249 3.051 3.833 2.903 2.474 0.875 0.912
2.37 6.726 4.249 3.052 3.833 2.904 2.474 0.876 0.912
A5
(ppm)
+0.006 -0.011 +0.010 +0.021 +0.029 +0.048 +0.019 +0.000
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4.2.15. 1H NMR spectrum of 5, 11, 17, 23-tetrakis-(1, 1-dimethyl 
ethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine) 
ethoxy]calix[4]arene, L1, in DMF-ch at 298 K
The !H NMR spectrum of LI in DMF-^7 (see Appendix A, Fig. A. 15a) shows the 
same number and type of peaks observed in CD3CN. The cone conformation is again 
present in DMF-^7 as the non-equivalence of the axial and equatorial protons 
confirms. The difference in chemical shifts between these protons is 1.177 ppm (see 
Table 4.11), indicating that the ligand adopts a distorted cone conformation in 
agreement to what was observed in CD3CN. The only significant difference between 
the two spectra lies in the shift difference (A5) between each set of signals due to the 
aromatic and r-butyl protons which is smaller in CD3CN (0.603 and 0.417 ppm 
respectively in DMF-d7, 0.334 and 0.242 ppm respectively in CD3CN, see Tables 4.6 
and 4.11). This may suggest that the distorted cone conformation is more 
symmetrical in the latter solvent relative to the former.
4.2.16. 1H NMR titration of 5, 11, 17, 23-tetrakis-(1, 1-dimethyl ethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine) 
ethoxy]calix[43arene, L1, and yttrium trifluoromethanesulfonate in 
DMF-c/7 at 298 K
The interaction of LI withY3+ in DMF-d7 (see Table 4.11 and Appendix A, Figs. 
A.15a-A.15f) gives rise to small shift changes in the protons signals relative to those 
for the free ligand. During the complexation titration experiment all the protons on 
the amine lower rim substituents are deshielded whilst the methylethylthio lower rim 
protons move upfield, similar to that observed in the same titration experiment earned 
out in CD3CN (section 4.2.7).
Comparison of Tables 4.8 and 4.11 shows that the observed shift changes recorded in 
the *H NMR titration of LI withY3+ are much more significant in CD3CN than in 
DMF-J7 indicating that stronger interactions take place in the presence of the former 
solvent.
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It appears that only the nitrogen and oxygen donor atoms of the amine pendant arms 
provide the sites of complexation in DMF-d7. The ]H NMR results do not provide 
any evidence that the methylethylthio pendant arms participate significantly in the 
complexation process, since no considerable chemical shift changes are recorded for 
the protons adjacent to the sulphur donor atoms. The conformational changes 
described in the same titration experiment in CD3CN also do take place here although 
to a lesser extent. Thus, the two aromatic and two /-butyl signals become closer 
together as shown by the decrease in the shift difference between each pair of signals 
(see Table 4.11), although this movement is less pronounced in the case of this 
solvent.
Further conformational changes are also observed in the bridging methylene protons 
during the complexation experiment. The axial protons are again shielded while the 
equatorial protons become less shielded, as in CD3CN. A direct consequence of that, 
is a small decrease in the shift difference between each pair of doublets of the 
ArCTLAr system, from the free to the complex ligand (from 1.177 to 1.169 ppm). 
The fact that this is not a significant change is consistent with the overall small 
chemical shift changes that accompany the complexation process in this solvent, 
indicating that less pronounced interactions take place in this medium.
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In summary [H NMR complexation experiments have demonstrated the following:-
i) L2 uses both donor atoms (N and O) for interacting with yttrium, lanthanum 
and europium cations in CD3CN, although the nitrogen donor atoms appear to 
be more involved in the complexation process. Complexes of 2:1 
stoichiometry (two metal cations per unit of ligand) are formed in this 
medium.
ii) Scandium, yttrium, lanthanum and europium cations interact with LI forming 
1:1 complexes in CD3CN. The active sites of complexation are provided by 
the nitrogen and oxygen donor atoms, whilst chemical shift changes 
experienced by the protons adjacent to the sulphur atoms are less pronounced.
iii) The interaction of yttrium, lanthanum, europium and lutetium with L3 in 
CD3CN gave rise to 1:1 complexes. The large chemical shift changes 
observed for the protons of the acetamide group suggested that both amide and 
possibly phenolic oxygens participate in the complexation process. The 
oxygen donor atoms are believed to provide the main sites for complexation 
whilst the nitrogen atoms play a secondary role. The formation of 2-fold 
symmetric cones was observed in the cases of yttrium, europium and lutetium 
complexes, whereas the lanthanum complex adopted a 4-fold symmetry, as 
indicated by the signal of the aromatic protons giving two sets of peaks in the 
former case whilst being equivalent in the latter. This was attributed to the 
difference in cation size.
iv) Small shift changes were observed in the interaction of L2 with yttrium in 
DMF-c?7 compared with the changes in CD3CN. Both donor atoms of L2 (N 
and O) are again involved in the complexation process with the observed shift 
changes being greater for the methylene protons adjacent to the nitrogen 
atoms. 1:1 complexation takes place in this medium. The rearrangement of 
the 1:1 complex followed by complexation of a second lanthanide cation is not 
observed in this solvent since chemical shift changes virtually cease after the 
1:1 mole ratio is reached.
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v) Weak interactions take place between LI and yttrium in DMF-d# Only the 
nitrogen and oxygen donor atoms of the amine pendant arms participate in the 
complexation since no significant shift changes were observed for the protons 
adjacent to the sulphur atoms.
In order to gain further information on the interactions of these ligands with 
lanthanide cations in these solvents, conductimetric measurements were carried out 
and these are discussed in the following chapter. The aim of these studies was to 
investigate the solution properties of lanthanide(III) cations as well as to establish the 
composition of the metal-ion complexes in the solvents under study.
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C H A P T E R  5
C O N D U C T I M E T R I C  S T U D I E S
Conductivity is one of the experimental techniques often employed in order to 
investigate the behaviour of electrolytes in solution as well as the complexation 
between neutral macrocycles and metal cations in solution. Measurements of the 
variation of electrical conductance with concentration of salt and ligand can be used to 
assess the interactions taking place, determine the strength and stoichiometry of the 
complexation as well as the stability constant of the complex [1]. Thus, plots of 
variations in the electrical conductivity with the ligand / metal-ion mole ratio can be 
divided into three groups.
(i) plots with a slight (or non-existent) slope and without any indication of a 
change in slope at any given mole ratio;
(ii) plots with a well defined change in curvature at the stoichiometry of the 
reaction (i.e. at 1:1, or 2:1 mole ratio);
(iii) plots formed by two straight lines intersecting at the stoichiometry of the 
reaction.
Qualitatively these data indicate: (i) very little or no complexation, (ii) moderate 
complexation, (iii) strong complexation respectively.
In this chapter conductivity measurements were used in order to investigate the 
solution properties of lanthanide(III) cations as well as to provide information on the 
complex stoichiometry between lanthanide cations and some calixarene derivatives 
(p-te/t-butylcalix[4]arenetetraethanoate (L4), 5, 11, 17, 23-tetrakis-(l, 1-dimethyl 
ethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4] 
arene (LI), [tetrakis(iV,iV-diethylaminoethyl)oxyl]p-?err-butylcalix[4]arene (L2) and
144
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5, 11, 17, 23-tetra-terf-butyl[25, 26, 27, 28-tetrakis(2-pyridylmethyl)oxy]calix
[4]arene (L5), shown in Fig. 5.1) in acetonitrile and A,A-dimethylformamide 
solutions at 298.15 K. The main aim of these measurements was to establish the 
composition of the metal-ion complexes in these solvents, information which is 
required in order to proceed with the thermodynamic characterisation of the 
complexation process involving these systems in the same solvents. Thus, the 
representative cations and calix[4]arene derivatives used in the conductimetric 
measurements in this part of the work, were the same ones subsequently used in the 
calorimetric studies.
Stability constant calculations were not attempted from these measurements, since the 
equipment available at the time was not sensitive enough so as to allow accurate 
determination of these data.
L2 L5
Fig. 5.1 Structures of calix[4]arene derivatives.
A detailed presentation of the experimental procedure followed is discussed in the 
next section.
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5.1. EXPERIMENTAL PROCEDURE
5.1.1. Apparatus
The conductimeter apparatus used in this part of the work (illustrated in Fig. 5.2) is 
divided into two components, i) the Wayne-Kerr Autobalance Universal Bridge, type 
B642 and ii) the conductivity cell. The former is an autobalance ratio arm bridge 
which measures capacitance and conductance.
During the conductance measurements, capacitance and conductance readings are 
displayed simultaneously on two meters. Each of these meters has four decades 
which are operated in succession. Each decade is provided with a numbered read-out. 
Decimal points are indicated by small signal lamps placed between the decade control 
knobs, the correct lamp being selected automatically by operation of the range switch. 
The sensitivity of the meter is adjusted manually by setting the appropriate switch to 
one of three positions.
The accuracy of the bridge is determined by its internal sources and is known to be
0.1 % for all decades used [2]. The bridge is calibrated by recording the bridge 
reading at balance positions for different standard resistance E, as described in the 
operating instructions manual for this apparatus [2].
The conductivity cell consists of a cylindrical glass vessel of about 50 ml capacity as 
well as a compact glass-bodied Russell electrode unit. The latter uses two platinum 
square plates bound to the inside of a glass support tube. The conductivity of the 
electrolyte solution in question was measured by making the cell one arm of the 
resistance bridge (as shown in Fig. 5.2) and subsequently obtaining the balance point. 
Alternating current was used to avoid electrolysis and polarisation that would 
otherwise occur if direct current was used due to charging of the layers of the solution 
in contact with the electrode (when alternating current is used the charging that occurs 
on one half of the cycle is undone during the second half).
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Fig. 5.2 Schematic diagram of the conductivity cell in a Wheatstone bridge 
circuit.
5.1.2. Determination of the cell constant at 298.15 K
For the determination of the cell constant, 6, of the conductivity cell, an aqueous 
solution of KC1 (0.1 mol dm'3) was added by steps to the deionised water containing 
cell. The cell was kept in a thermostated bath at 298.15 K. The subsequent 
conductances following each injection were then recorded after allowing a sufficient 
time to ensure the system was properly mixed and the cell had attained the 
temperature of the bath. The conductance of the water was measured in advance and 
subtracted from each conductance change recorded.
The corresponding molar conductances, Am (S cm2 mol'1) were calculated from the
equation of Lind, Zwolenik and Fuoss [3] (eqn. 5.1).
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Am = 149.93 -  94.65 c1/2 + 58.74 c logc + 198.4 c (5.1)
where c is the molar concentration (mol dm"3) of the KC1 solution used.
The molar conductance of KC1 was then used to calculate corresponding values of the 
specific conductance or conductivity, K, using eqn. 5.2:
A =   (5.2)
Rearranging eqn. 5.2 and using K = S 0 (where S is the reciprocal of the resistance, 
conductance), allows the calculation of the cell constant, 0 (cm'1), from the following 
expression:
A c (5.3)
1000 S
5.1.3. Conductimetric titrations of lanthanide(lll) cations and calix[4] 
arene derivatives in dipolar aprotic media at 298.15 K
Conductimetric titrations were earned out in order to determine the composition of 
the macrocyclic metal complexes in the appropriate solvent.
During a typical experimental run, fresh solutions of the metal-ion salt and the ligand 
were prepared. The conductance cell was cleaned with deionised water, dried and 
then weighed accurately. It was subsequently filled with the metal-ion salt solution 
(concentration range from 9.0 x 10"5 to 1.2 x 10‘4 mol dm"3) prepared in the 
appropriate solvent (-20  ml), reweighed, sealed and left in a thermostated bath at
298.15 K to reach thermal equilibrium, while dry nitrogen was passed through the 
solution. After thermal equilibrium was reached, the ligand solution (concentration
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range from 8.5 x 10'4 to 1.4 x 10'3 mol dm'3) was added in steps, using a hypodermic 
syringe. All measurements were taken at 298.15 K.
5.2. RESULTS AND DISCUSSION
5.2.1. Calculation of the conductivity cell constant at 298.15 K
The determination of the cell constant was carried out as explained in the 
Experimental Procedure, section 5.1.2. Table 5.1 shows conductance data for KC1 at 
various concentrations, as well as the corresponding values of the cell constant (0) in 
water at 298.15 K. The initial conductance value of deionised water was 39.45 x IO'6 
S.
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Table 5.1 Conductance of KC1 against its concentration in water at 298.15 K for 
the determination of the conductivity cell constant.
[KC1] Conductance 0
(mol dm'3) (S) (cm'1)
0.0051 5.73 x 10'3 0.129
0.0075 8.32 x 10'3 0.129
0.0097 10.72 x 10'3 0.129
0.0118 13.04 x 10'3 0.128
0.0139 15.22 x 10'3 0.128
0.0158 17.30 x 10'3 0.128
0.0177 19.34 x 10‘3 0.128
0.0194 21.10 x 10'3 0.128
0.0212 22.96 x 10 3 0.128
0.0227 24.55 x 10 3 - 0.127
0.0243 26.24 x 10'3 0.127
0.0258 27.77 x 10'3 0.128
0.0272 29.24 x 10'3 0.128
0.0286 30.69 x 10'3 0.128
The average value of the conductivity cell constant was found to be 0.128 ± 0.001 
cm'1 at 298.15 K.
5.2.2. Analysis of conductance data
Electrolyte solutions as in the case of metallic conductors obey Ohm’s law which 
states that the current, I  (amperes), flowing in an electrical conductor is directly 
proportional to the potential difference, V  (volts), and inversely proportional to the 
resistance, R, of the conducting medium. The resistance, R  (ohms), of a solution 
depends not only on its intrinsic properties but also directly on the length, /, and
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inversely on the cross-sectional area, A, of the conducting sample as shown in eqn.
Where p, in ohm cm, is the resistivity of the sample. The conductivity k
(ohm'1 cm'1 or S cm'1) is the inverse of the resistivity. Thus,
In eqn. 5.5, 1 is the distance between the electrodes and A is the cross-sectional area of 
the electrodes. Calculating the conductivity from the measured value of R  of the 
sample and of I and A of the cell (directly from eqn. 5.5) is unreliable because the 
current distribution is complicated [4]. Thus, the conductivity of an unknown solution
is obtained using the predetermined value of the cell constant (9  = —, see
Experimental Procedure, section 5.1.2) and the measured value of the resistance, R, in 
the same cell using the expression,
The conductivity, k , (which is due to contributions from both cations and anions) 
depends on the number of ions present in solution and therefore it is more convenient 
to express conductivity as a molar quantity. This is done by introducing the molar 
conductivity, Am (S cm2 mol'1) defined in eqn. 5.2, where c is the electrolyte 
concentration in mol dm'3 and Am is the molar conductance in S cm2 mol'1.
5.4.
(5.4)
A
k =G/R (5.6)
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In this work, a plot of molar conductances, Am, against the ligand-metal ion 
concentration ratio (cL/cM3+) obtained in a conductimetric titration, is finally used to 
determine the stoichiometry of the complex.
The following sections discuss conductimetric titrations of lanthanide(III) cation salts 
with calix[4]arene derivatives, L4, LI, L2 and L5, in acetonitrile and N ,N - 
dimethylformamide at 298.15 K.
5.2.3. Conductimetric titrations of lanthanide(lll) trifluoromethane 
sulfonate salts (yttrium, lanthanum and europium) with p -tert- 
butylcalix[4]arenetetraethanoate, L4, in acetonitrile at 298.15 K
Tables 5.2-5.4 show the results obtained for the conductimetric titrations of three 
metal cations, yttrium, lanthanum and europium with p-tert-butylcalix[4]arene 
tetraethanoate (L4) in acetonitrile (MeCN) at 298.15 K. The tables show data for the 
concentration ratio cL/cM3+, as well as molar conductance Am values for each step of 
the titration. Here cL and cM3+ are the concentrations in the molar scale (mol dm'3) of 
the ligand and metal-ion solutions in the conductance cell respectively. The 
corresponding titration curves are shown in Figs. 5.3-5.5.
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Table 5.2 Concentration ratio (cL/cY3+) data and Am values for the titration of 
Y(CF3S03) 3 with L4 in acetonitrile at 298.15 K.
Cl/cy3+ Am
S cm2 mol*1
Cj/Cy3+ Am 
S cm2 mol*1
0.050 373.09 0.997 404.86
0.103 375.20 1.093 407.50
0.183 378.26 1.182 409.90
0.257 380.76 1.276 412.00
0.336 383.66 1.376 414.00
0.413 386.36 1.473 415.95
0.494 389.44 1.618 418.85
0.575 392.24 1.756 420.88
0.659 394.94 1.880 422.67
0.737 397.34 1.984 424.46
0.817 399.95 2.085 426.02
0.901 402.34 2.189 427.83
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Fig. 5.3 Conductimetric titration curve for the addition of L4 to Y(CF3S03) 3 in 
acetonitrile at 298.15 K.
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Fig. 5.4 Conductimetric titration curve for the addition of L4 to La(CF3S03)3 in
acetonitrile at 298.15 K.
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Table 5.3 Concentration ratio (cL/cLa3+) data and Am values for the titration of 
La(CF3S03) 3 with L4 in acetonitrile at 298.15 K.
t i l
o '  o c 2h 5
CL/cLa3+
Am 
S cm2 mol1 CL/cLa3+
Am 
S cm2 mol"
0.092 382.22 1.166 437.33
0.166 386.81 1.262 441.11
0.249 391.64 1.374 445.28
0.326 396.15 1.456 448.69
0.410 400.83 1.582 452.73
0.488 405.02 1.703 456.41
0.560 409.56 1.841 460.03
0.651 413.73 1.986 463.71
0.729 417.91 2.126 467.29
0.813 421.84 2.272 470.91
0.905 425.98 2.412 474.59
0.993 429.80 2.510 476.68
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Table 5.4 Concentration ratio (cL/cEu3+) data and Am values for the titration of 
Eu(CF3S03) 3 with L4 in acetonitrile at 298.15 K.
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0.449
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0.752
0.906
387.92 
395.41 
402.13 
413.46 
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Fig. 5.5 Conductimetric titration curve for the addition of L4 to Eu(CF3S03)3 in
acetonitrile at 298.15 K.
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A quick inspection of the titration curves shown in Figs. 5.3-5.5 clearly shows that the 
same pattern is observed in all the above cases. Since the electrolyte salt was placed 
in the conductance vessel one would expect a decrease in the conductivity on addition 
of the ligand due to the large size of the complexed metal-ion compared with the free 
solvated ion. The opposite observation leads as to the possible explanation that the 
lanthanide cation is much more solvated than the new complexed cation, therefore 
less mobile. Moreover, the equilibrium position is shifted by the addition of the 
ligand as to favour the formation of the (less solvated) complexed metal-ion and this 
gives rise to increasing conductance readings.
An increase in electrolyte conductance has also been observed by Danil de Namor and 
co-workers [5],[6] on the addition of the crown ethers 1A12C4 (l-aza-12-crown-4) 
and 15C5 (15-crown~5) to lithium salts (LiBF4 and LiCF3S 03) in acetonitrile and 
propylene carbonate at 298.15 K. This conductivity enhancement was also attributed 
to the fact that the lithium coronand electrolytes were less solvated by these solvents 
than the lithium salts, a fact which was further verified by solution thermochemical 
studies of these electrolytes in these solvents.
Another important point of the above figures is that the slope of the curve is gradually 
changing in all these cases, therefore the point of intersection corresponding to the 
stoichiometry of the reaction is not well defined, suggesting that the complex formed 
is relatively weak. Extrapolating the slopes of the above curves at low and high 
ligand / metal cation ratios at least in the case of europium, gives 1:1 complexation, 
i.e., a ligand unit interacts with a cation unit according to eqn. 5.7. Conductance 
measurements however in systems which involve less stable complexes as in these 
cases, do not provide a clear and therefore reliable indication of complex composition.
M  3+ (M e C N ) + L4 (M e C N ) -> M  3+ L4 (M e C N ) (5.7)
Weak complex formation indicates that very little reaction takes place, i.e., there is 
always a high percentage of unreacted metal in the vessel which is able to interact
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with the ligand added in each step forming more (less solvated) metal-ion complex. 
This gives rise to increasing conductance values after the end point as illustrated in 
the above curves.
5.2.4. Conductimetric titrations of lanthanide(lll) trifluoromethane 
sulfonate salts (neodymium, samarium, gadolinium, dysprosium 
and terbium) with 5, 11,17, 23-tetrakis-(1, 1-dimethyl ethyl)-25,
27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine) 
ethoxy3calix[4]arene, L1, in acetonitrile at 298.15 K
Tables 5.5-5.8 show conductimetric data for the titrations of neodymium, samarium, 
gadolinium and dysprosium with 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27- 
bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene (LI) in 
acetonitrile at 298.15 K. Again the electrolyte salt was placed in the conductivity-cell 
and an increase in the conductivity was observed, clearly shown in Figs. 5.6-5.9, on 
the addition of the ligand. This indicates that the complexed cation is characterised 
with higher mobility (less solvated) compared with the free ion.
In all these cases it can be observed that the curve is a result of a combination of two 
linear segments with a well defined change in curvature at the stoichiometry of the 
reaction, i.e., at 1:1. This suggests the formation of reasonably strong complexes in 
which a ligand unit interacts with a cation unit as shown below:
M  3+ (M eC N )  + LI (M e C N ) -> M  3+ LI (M eC N ) (5.8)
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Table 5.5 Concentration ratio (cL/cNd3+) data and Am values for the titration of 
Nd(CF3S03) 3 with LI in acetonitrile at 298.15 K.
0.069 412.29 0.934 442.00
0.148 415.15 1.050 444.05
0.232 418.00 1.155 445.50
0.301 420.52 1.260 445.97
0.384 423.42 1.381 446.83
0.472 426.48 1.501 447.26
0.551 429.20 1.621 447.62
0.625 431.93 1.744 448.00
0.695 434.46 1.862 448.32
0.791 437.61 1.986 448.73
0.862 440.30 2.101 449.09
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Fig. 5.6 Conductimetric titration curve for the addition of LI to Nd(CF3S03) 3 in 
acetonitrile at 298.15 K.
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Fig. 5.7 Conductimetric titration curve for the addition of LI to Sm(CF3S03)3 in
acetonitrile at 298.15 K.
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Table 5.6 Concentration ratio (cL/cSm3+) data and Am values for the titration 
Sm(CF3S03)3 with L I  in acetonitrile at 298.15 K.
w
. /  V
Cl/CSm3+
Am 
S cm2 mol'1 cL/csm3+ s  cm2 m ol1
0.067 399.15 0.761 421.52
0.115 400.68 0.869 425.01
0.189 403.07 0.973 426.53
0.251 405.07 1.083 427.43
0.306 406.85 1.204 428.23
0.369 408.90 1.320 428.41
0.421 410.57 1.441 428.62
0.483 412.55 1.562 428.81
0.543 414.49 1.680 428.99
0.603 416.43 1.812 429.19
0.650 417.94 1.921 429.36
0.705 419.73
A’""'' ""to'A ti-to'to' toy*., .to. to
CHAPTER 5. CONDUCTIMETRIC STUDIES 162
Table 5.7 Concentration ratio (cL/cGd3+) data and Am values for the titration of 
Gd(CF3S03) 3 with LI in acetonitrile at 298.15 K.
0.094 460.24 0.868 488.30
0.156 462.54 0.932 489.45
0.216 464.79 1.018 490.58
0.276 466.89 1.133 491.78
0.339 469.15 1.247 491.99
0.401 471.43 1.364 492.29
0.463 473.73 1.477 492.56
0.528 476.06 1.590 492.83
0.593 478.38 1.703 492.99
0.662 480.93 1.816 493.29
0.730 483.37 1.929 493.58
0.799 485.90
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Fig. 5.8 Conductimetric titration curve for the addition of LI to Gd(CF3S03) 3 in 
acetonitrile at 298.15 K.
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Fig. 5.9 Conductimetric titration curve for the addition of LI to Dy(CF3S03)3 in
acetonitrile at 298.15 K.
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Table 5.8 Concentration ratio (cL/cDy3+) data and Am values for the titration of 
Dy(CF3SQ3) 3 with LI in acetonitrile at 298.15 K.
0.053
0.112
0.185
0.233
0.293
0.361
0.418
0.487
0.552
0.619
0.686
0.745
0.803
0.861
0.923
0.987
1.048
1.111
1.183
372.02
379.42
388.48
397.34
407.13 
416.84 
425.12
435.14 
444.54
454.15 
463.87 
469.01 
470.90 
472.60 
472.94 
473.33
473.16 
472.23 
471.79
1.255
1.328
1.415 
1.494 
1.568 
1.651 
1.739 
1.826 
1.916 
2.028 
2.157 
2.287
2.415 
2.551 
2.684 
2.795 
2.923 
3.010
470.99
470.52
470.10
469.64
469.22 
468.89 
468.43 
468.09 
467.62 
467.26 
466.81
466.46 
466.03 
465.67
465.22 
464.83
464.46 
464.06
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The need to explore the behaviour of these systems in the reverse experimental order,
i.e., placing the ligand in the conductimetric vessel and following by the step-wise 
addition of the electrolyte in question, led us to a conductimetric titration in which the 
calixarene solution was titrated with a solution of a lanthanide cation in acetonitrile at
298.15 K.
This is not the recommended way of performing a conductimetric titration however, 
since an increase in conductance is bound to occur due to the addition of the 
electrolyte solution and therefore it is usually difficult to draw any conclusions 
regarding complex formation in this case.
Conductimetric data for the titration of terbium with LI are listed in Table 5.9 and 
Fig. 5.10 shows the corresponding titration curve. The conductivity of the initial 
solution (neutral ligand) is close to zero. As the cation is added an expected increase 
in the conductivity is observed. A reasonably clear change in the slope of the curve at 
a metal / ligand ratio 1, demonstrates that under these conditions also a ligand unit 
interacts with a cation unit.
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Fig. 5.10 Conductimetric titration curve for the addition of Tb(CF3S03)3 to LI
in acetonitrile at 298.15 K.
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Table 5.9 Concentration ratio (cL/cXb3+) data and Am values for the titration of 
Tb(CF3S0 3)3 with LI in acetonitrile at 298.15 K.
0.047 34.24 1.434 543.55
0.112 63.26 1.508 561.79
0.173 91.47 1.592 579.39
0.241 121.43 1.670 597.20
0.315 152.36 1.760 616.44
0.376 180.46 1.849 635.87
0.435 208.34 1.937 653.34
0.500 237.53 2.024 671.91
0.568 267.15 2.116 690.87
0.636 296.98 2.205 709.96
0.706 327.27 2.294 728.76
0.777 351.06 2.383 748.43
0.846 377.60 2.475 766.63
0.920 402.03 2.568 785.39
1.002 432.17 2.660 803.50
1.071 453.13 2.756 820.00
1.137 472.51 2.851 842.07
1.212 494.03 2.944 861.38
1.286 509.90 3.037 880.47
1.359 527.62 3.133 899.70
CHAPTER 5. CONDUCTIMETRIC STUDIES 167
5.2.5. Conductimetric titrations of lanthanide(lll) trifiuoromethane 
sulfonate salts (neodymium, terbium and dysprosium) with 
[tetrakis(A/,/V-diethylaminoethyl)oxyl]p-fe/f-butylcalix[4]arene, L2, in 
acetonitrile at 298.15 K
By far the most interesting interactions occur in the case of the titrations of 
Nd(CF3S03)3, Tb(CF3S03)3 and Dy(CF3S03)3 with [tetrakis(A/',A-diethylaminoethyl) 
oxyl]p-terEbutylcalix[4]arene (L2), in acetonitrile (MeCN) at 298.15 K, the data of 
which are shown in Tables 5.10-5.12 (see Figs. 5.11-5.13 for the corresponding 
titration curves). In the case of neodymium and terbium, addition of the ligand in the 
electrolyte containing vessel gives rise to a decrease in conductance due to complex 
formation. The first end-point is observed at a ligand / metal ratio of 0.5 clearly 
indicating that two metal cations interact with one ligand as shown below:
Upon further addition of ligand, an increase in conductance is observed which 
suggests higher mobility possibly due to the migration of the metal cation from the 
complex to the free ligand, to form the 1:1 complex, a process which is favoured in 
the excess of ligand. Eqn. 5.10 describes the interaction taking place.
At a ligand / metal ratio higher than 1, the variations in the conductance observed are 
almost non-existent. The proposed process of cation migration in the excess of ligand 
suggests that the stability of the first complex described in eqn. 5.9 should be lower 
than the stability of the one described in eqn. 5.10. Inspection of Figs. 5.11 and 5.12 
however, shows that a remarkably sharp break occurs at the ligand / metal ratio 0.5 
(formed by two straight lines intersecting at this point). This leads us to the ' 
suggestion that the values of the stability constants of the above complexes may be 
somewhat similar and this is further discussed in chapter 6 where the thermodynamics 
of complexation is elaborated.
2M  3+ (M e C N ) + L2 (M e C N ) —> [M2 L2]6+ (M e C N ) (5.9)
\M2 L2 (M e C N ) + L2 (M e C N ) 2[ML2]3+ (M eC N ) (5.10)
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Table 5.10 Concentration ratio (cL/cNd3+) data and A,„ values for the titration of 
Nd(CF3S03) 3 with L2 in acetonitrile at 298.15 K.
0.057
0.169
0.312
0.421
0.507
0.615
0.712
0.794
0.882
0.981
1.103
396.89 
379.85 
364.34
352.02 
343.30
356.03 
372.16 
384.02 
399.21
409.89 
419.06
1.412
1.582
1.745
1.902
2.036
2.173
2.329
2.471
2.623
2.804
2.948
423.78
424.06 
424.19 
424.30 
424.39 
424.45 
424.70
425.06 
425.28 
425.58 
425.80
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Fig. 5.11 Conductimetric titration curve for the addition of L2 to Nd(CF3S03>3 
in acetonitrile at 298.15 K.
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Fig. 5.12 Conductimetric titration curve for the addition of L2 to Tb(CF3S03)3
in acetonitrile at 298.15 K.
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Table 5.11 Concentration ratio (cL/cTb3+) data and Am values for the titration of 
Tb(CF3S0 3)3 with L2 in acetonitrile at 298.15 K.
'l/CTb3+
Am 
S cm2 mol'1 Cl/CTb3+
Am 
S cm2 mol'
0.028 466.50 0.935 484.02
0.087 461.56 0.993 487.98
0.146 455.38 1.065 491.56
0.205 449.56 1.136 495.02
0.264 442.01 1.220 496.30
0.323 435.99 1.304 497.23
0.382 429.52 1.418 497.62
0.471 422.11 1.533 497.99
0.506 429.12 1.643 498.54
0.551 435.63 1.767 498.78
0.590 442.02 1.885 499.15
0.632 448.38 1.989 499.09
0.670 454.49 2.108 499.71
0.704 460.59 2.207 500.13
0.739 465.01 2.308 500.19
0.781 469.99 2.422 500.44
0.822 475.04 2.509 500.64
0.876 480.00
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In the case of L2 being titrated with DyCF3S03)3, (see Table 5.12 and Fig. 5.13, 
addition of the ligand solution to the vessel containing the electrolyte solution took 
place), the observed titration curve shows two end points as in the case of neodymium 
and terbium, although the interactions seem to be weaker. An increase in conductance 
however is observed upon the formation of the 2:1 (metal / ligand ratio) complex, 
followed by a decrease which takes place on further addition of ligand. Again the 
variations in conductance cease after the metal / ligand ratio becomes 1. A possible 
explanation for the initial increase in conductance could be due to the fact that the first 
complex formed (2:1 metal / ligand stoichiometry) is less solvated compared to the 
free ion. Further addition of ligand gives rise to a metal cation transfer process from 
the complex to the free ligand (eq. 5.10). The decrease in the observed conductance 
at this point is the expected behaviour since the 2:1 complex with six charges is bound 
to have a higher conductivity than the one with three charges.
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Fig. 5.13 Conductimetric titration curve for the addition of L2 to Dy(CF3S03) 3 
in acetonitrile at 298.15 K.
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Table 5.12 Concentration ratio (cL/cDy3+) data and Am values for the titration of 
Dy(CF3S03) 3 with L2 in acetonitrile at 298.15 K.
0.077
0.127
0.169
0.215
0.254
0.302
0.348
0.392
0.441
0.501
0.558
0.606
0.654
0.703
0.762
0.822
443.35
450.06
457.40 
463.70 
470.45 
476.33
482.41 
487.25 
489.84 
490.87 
491.09
490.06 
487.99 
485.32 
482.79 
480.11
0.891
0.947
1.027
1.099
1.176
1.254
1.326
1.421
1.520
1.620
1.714
1.799
1.910
2.017
2.110
477.03
474.81
472.54
471.69
471.48
471.20
471.18
471.17
471.15
471.14
471.12
471.11
471.11 
471.09 
471.07
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5.2.6. Conductimetric titration of a lanthanide(ill) trifluoromethane 
sulfonate salt (yttrium) with 5, 11, 17, 23-tetra-fe/f-butyi[25, 26, 27, 
28-tetrakis(2-pyridylmethyl)oxy]calix[4]arene, L5, in acetonitrile at 
298.15 K
Table 5.13 shows the conductimetric data for the titration of Y(CF3S 03)3 with 5, 11, 
17, 23-tetra-ter+butyl[25, 26, 27, 28-tetrakis(2-pyridylmethyl)oxy]calix[4]arene (L5), 
in acetonitrile at 298.15 K. The ligand solution was placed in the vessel, giving an 
initial value of the conductivity very close to zero. An expected increase in the 
conductivity is observed on addition of the metal salt solution. Inspection of the 
corresponding curve shown in Fig. 5.14 leads us to the suggestion that weak although 
clear complexation takes place in this case. Extrapolating the slopes of the curve at 
low and high ligand / metal cation ratios gives 1:1 stoichiometry.
1000 -I
800
o 600
CMEo
^ 400
<f
200 -
0.5 1 1.5
[Dy3+] / [L]
2.5
Fig. 5.14 Conductimetric titration curve for the addition of Y(CF3S0 3)3 to L5 in 
acetonitrile at 298.15 K.
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Table 5.13 Concentration ratio (cL/cY3+) data and Am values for the titration of 
Y(CF3S03) 3 with L5 in acetonitrile at 298.15 K.
CR/Cy3+ Am S cm2 mol"1 C jJCy3+
Am 
S cm2 mol' 1
0.069 39.2285 0.940 444.990
0.141 75.2297 1.022 477.6473
0.194 100.5476 1.100 499.2657
0.258 133.0849 1.186 529.1480
0.317 160.6332 1.294 560.8960
0.374 187.1594 1.386 587.1409
0.431 211.7694 1.473 613.4282
0.492 238.2132 1.562 635.0781
0.549 265.8121 1.654 657.1816
0.602 292.2583 1.743 679.4409
0.662 320.1853 1.864 710.5257
0.722 349.0140 1.972 744.0053
0.779 374.2214 2.088 770.5043
0.854 408.8062 2.205 796.4644
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5.2.7. Conductimetric titrations of lanthanide(IM) trifluoromethane 
sulfonate salts (lanthanum and ytterbium) with 5, 11, 17, 23- 
tetrakis-(1, 1-dimethyl ethyl)-25, 27-bis[2-(methylthio)ethoxy]-26,
28-bis[2-(diethylamine)ethoxy]calix[4]arene, L1 , in N ,A/-dimethyl 
formamide at 298.15 K
Tables 5.14 and 5.15 show the conductimetric results obtained for titrations of two 
metal cations, lanthanum which is the first cation in the lanthanide series and 
ytterbium, the penultimate in the series with 5, 11, 17, 23-tetrakis-(l, 1-di 
methylethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy] 
calix[4]arene (LI) in N,N -d imethylformamide at 298.15 K (see Figs. 5.15 and 5.16 
for the corresponding titration curves).
Both Figs. 5.15 and 5.16 show that the change in molar conductance upon 
complexation with the metal cation is relatively small compared to the changes 
observed in the previous titration experiments in acetonitrile. No significant breaks in 
the curvature of the plots are observed indicating the formation of low stability 
constant complexes.
In both cases the molar conductance decreases as the metal-ion complex is formed 
which may indicate that the complexes are more well solvated than the free salts and 
therefore less mobile resulting in a decrease in conductance.
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Table 5.14 Concentration ratio (cL/cLa3+) data and A,n values for the titration of 
La(CF3S0 3)3 with LI in AyV-dimethylformamide at 298.15 K.
0.190
0.260
0.341
0.440
0.525
0.612
0.695
0.780
0.861
0.940
1.030
1.109
1.169
1.247
199.42 
198.98
198.63 
198.20
197.78
197.43 
197.10
196.79 
196.53 
196.26 
196.00
195.79
195.64
195.44
1.395
1.475
1.565
1.672
1.784
1.892
1.989
2.093
2.205
2.313
2.421
2.513
2.625
2.756
195.06
194.86
194.66
194.39
194.16
193.93
193.73
193.47
193.20
192.99
192.72
192.55
192.35
192.11
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Fig. 5.15 Conductimetric titration curve for the addition of LI to La(CF3S03) 3 
in AyV-dimethylformamide at 298.15 K.
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Fig. 5.16 Conductimetric titration curve for the addition of LI to Yb(CF3S03)3
in AyV-dimethylformamide at 298.15 K.
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Table 5.15 Concentration ratio (cL/cYb3+) data and A,„ values for the titration of 
Yb(CF3SC>3)3 with LI in Y^V-dimethylformamide at 298.15 K.
0.248 197.97 2.590 190.50
0.444 197.10 2.780 190.06
0.631 196.46 2.956 189.55
0.815 195.87 3.149 189.09
1.006 195.17 3.320 188.69
1.192 194.61 3.495 188.21
1.381 193.98 3.662 187.75
1.545 193.56 3.868 187.36
1.717 192.94 4.049 186.89
1.885 192.42 4.265 186.45
2.067 191.90 4.491 186.00
2.232 191.53 4.702 185.51
2.400 191.07
5.2.8. Solution properties of lanthanide(lll) trifluoromethanesulfonate 
salts in acetonitrile and A/,A/-dimethylformamide at 298.15 K
The accepted Am range for 3:1 electrolytes in acetonitrile is 340 - 420 S cm2 mol'1 
whilst in Y,Y-dimethylformamide the reference range is 200 - 240 S cm2 mol'1 [7].
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Inspection of the initial molar conductance points in the tables and conductimetric 
curves presented in sections 5.2.3-5.2.7 for the two solvents, indicates that 
lanthanide(III) triflates are present as 3:1 electrolytes at the concentrations used.
Preliminary measurements of the molar conductivities of acetonitrile solutions 
containing lanthanide(III) triflates, suggested that at higher concentrations the Am 
decreases considerably reflecting that possibly some interaction takes place between 
lanthanide(III) cations and the triflate anion. However, at the initial points of the 
curves (corresponding to the salt concentrations used in the titration experiments) 
reasonable linear relationships were obtained as shown by the plot of molar 
conductance, Am, against c1/2 for ytterbium triflate solutions in acetonitrile at 298.15 
K (Fig. 5.17).
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Fig. 5.17 Plot of Am vs. cm for Yb(CF3S03) 3 solutions in acetonitrile at 298.15 K.
It is therefore evident that ion-pair formation does not play a significant role in the 
range of electrolyte concentrations studied.
In summary, from the above measurements it is concluded that:-
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i) Conductance data indicated the presence of weak interactions between p-tert-
butylcalix[4]arenetetraethanoate (L4) and lanthanide(III) cations (Y3+, La3+ 
and E u 3+)  in acetonitrile.
ii) Well defined breaks in conductance curves demonstrated the formation of 1:1
complexes between 5, 11, 17, 23-tetrakis-(l, 1-dimethyl ethyl)~25, 27-bis[2- 
(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene (LI) and 
lanthanide cations (Nd3+, Sm3+, Gd3+, Dy3+ and Tb3+) as well as 5, 11, 17, 23- 
tetra-ter/-butyl[25, 26, 27, 28-tetrakis(2-pyridylmethyl)oxy]calix[4]arene (L5) 
and Y in acetonitrile.
iii) Neodymium, terbium and dysprosium cations interact strongly with 
[tetrakis(A/,Y-diethylaminoethyl)oxyl]p-/er/-butylcalix[4]arene (L2) in 
acetonitrile, forming 2:1 metal-ion : ligand complexes.
iv) Conductance results could not provide any information regarding complex
stoichiometry for the interactions between LI and two lanthanide cations (La3+ 
and Yb ) in TVW-dimethylformamide, since no significant breaks were 
observed in the conductance curves.
Having established the stoichiometry of the metal-ion complexes in these solvents as 
well the sites of interaction, we proceeded with the thermodynamics of complexation 
involving these systems in order to obtain quantitative information regarding the 
strength of the binding process. This is described in the following chapter.
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C H A P T E R  6
Following the research strategy outlined in the introduction of this thesis, the first 
priority after establishing the presence of interactions and the composition of the 
metal-ion complexes in two dipolar aprotic media at 298.15 K, was to determine the 
stability of these complexes in these solvents. There are several techniques currently 
used for the determination of stability constant data for complexation reactions 
involving metal cations and macrocyclic ligands. Since the suitability of these 
techniques is largely dependent on the magnitude of the stability constant, preliminary 
potentiometric measurements were initially carried out in order to determine the range 
of logK5 values of macrocyclic ligands and lanthanide(III) cations. Thus, section 6.1
describes the use of potentiometry for the determination of stability constants for the 
lanthanide(III) complexes of LI in acetonitrile at 298.15 K. Since these experiments 
showed that the log K s values were within the scope of calorimetry, this was the
technique adopted for the thermodynamic characterisation of the complexation 
involving macrocyclic ligands and lanthanide(III) cations in acetonitrile and N ,N - 
dimethylformamide at 298.15 K (section 6.2). Titration calorimetry has been 
extensively used to simultaneously determine stability constants and enthalpy changes 
for reactions in solution from a single titration experiment which is an 
accomplishment unmatched by any other method. It is the most accurate method for 
the determination of enthalpy data, since calculations based on stability constant 
values determined at different temperatures using the van’t Hoff equation, often lack 
accuracy due to the limitations of this equation [1],[2].
6.1. POTENTIOMETRIC MEASUREMENTS
The different experimental methods available for the determination of the stability
constant for the complexation reaction between a metal-ion, M 'l+ and a ligand, L , in 
solution (as given by eqn. 6 .1) can be divided into two groups.
T H E R M O D Y N A M IC S  O F  C O M P L E X A T IO N
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M n\ s)+L(s)-^MUl\s) (6.1)
i) Methods that are dependent on the concentration (activity) of one of the 
species in solution such as calorimetry, conductimetry and spectophotometry.
ii) Methods that are dependent on the logarithm of concentration such as 
potentiometry.
Potentiometry is a versatile technique for the determination of stability constants of 
metal-ions with macrocyclic ligands, since a wide range of concentrations can be used 
which is generally the case for techniques of the second group. It is also one of the 
most accurate experimental methods for the determination of metal-ion activities, 
even for cases in which very low concentrations are involved. Consequently, high 
stability constants can be measured with this technique, provided that a suitable 
electrode is available which works in a reversible manner with respect to an 
appropriate metal-ion in solution.
A reversible silver / silver-ion selective electrode was used in the potentiometric 
titrations reported in this chapter, whose potential, measured against a silver / silver 
chloride reference electrode is given by the Nemst equation (eqn. 6.2)
E  + = E °  + + ^ - \ n a . + (6.2)Ag+/Ag Ag /Ag np  v '
where R , T , F  and n are the gas constant, temperature, Faraday constant and 
number of electrons in the redox process (rc=l for Ag+) respectively.
Stability constants in this chapter were measured using a competitive potentiometric 
method involving one complexing agent (in this case a calix[4]arene derivative able to 
complex silver) and two metal cations, one of them being the metal-ion to which the 
electrode responds (in this case silver) and the other the metal-ion under investigation 
(a lanthanide(III) cation).
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Cox and Schneider [3]-[6] have extensively used the competitive potentiometric 
method for the determination of stability constants of cryptands with metal-ions in 
non-aqueous solvents. They list four necessary conditions for stability constant 
measurements using this method [7].
The following section (Experimental Procedure) gives a. detailed description of the 
apparatus used (section 6 .1.1.1), a discussion of the principles involved in the 
competitive potentiometric method (section 6 .1.1.2), as well as the mathematical 
treatment of the potentiometric data for the determination of stability constants 
(section 6 .1.1.3). Lastly, section 6.1.2 (Results and Discussion) reports the results 
obtained for the complexation process involving lanthanide(III) cations and 5, 11, 17, 
23-tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2- 
(diethylamine)ethoxy]calix[4]arene, L I.
6.1.1. EXPERIMENTAL PROCEDURE
6.1.1.1. The potentiometer apparatus 
Potentiometric experiments were earned out using the equipment and electrochemical 
cell shown in Figs. 6.1 and 6.2 respectively. The reference electrode used in all 
titrations was a Ag/AgCl double junction electrode (Metrohm). Its inner electrolyte 
was a LiCl solution saturated in ethanol, whilst the outer (salt bridge) electrolyte, 
separating the electrode from the titration cell, was" a solution of tetra-/z- 
butylammonium perchlorate (TBAP, 0.05 mol dm'3) in acetonitrile.
The concentration of the free silver ion was measured using a silver-ion selective 
electrode (Metrohm). Both electrodes were connected to a compact automatic 
titrator-processor (Metrohm, 716 DMS Titrino) which was used to deliver the solution 
of the titrant in question and also to measure the potential changes during the course 
of the titration (accuracy is 0.1 mV).
The titration cell was a glass vessel (with lid) wrapped in a thermostated jacket and 
maintained at 25.00 ± 0.05 °C with a water bath. It was mounted on a stand with 
built-in magnetic stirrer which enabled the solutions to be stirred throughout the
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experiment. All titrations were carried out under a flow of nitrogen. In order to avoid 
activity coefficient corrections, it is essential that a constant ionic strength is 
maintained. This was achieved by using TBAP at a concentration significantly higher 
than that of the silver and the lanthanide cations. Thus, 0.05 mol dm'3 TBAP was 
used in all solutions.
Fig. 6.1 Schematic description of the potentiometric apparatus.
Ag+(MeCN) AgCl(S)
Ag+(s)
MeCN, 0.05 M TBAP
MeCN, 0.05 M TBAP
LiCl(sat. in EtOH)
Ag (S)
Fig. 6.2 Schematic representation of the electrochemical cell used for the
potentiometric titrations.
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6.1.1.2. Po ten tiom etric  m e thod  o f  com petition  involving s ilver and  
lanthanide(lli) cations. Fundamentals.
This method is based on a competitive reaction between the lanthanide cation and an
auxiliary cation (Ag+) when they are complexed by a calix[4]arene derivative.
The determination of stability constants of the lanthanide(III) - calixarene complexes
involved three steps.
i) Calibration o f  the system. Calibration of the titration electrode was carried out
in order to check its response, evaluated from the linearity, slope and intercept 
of the Nemst equation (see section 6 .1.1.3 for the calculations involved). For 
this purpose a fresh solution of silver perchlorate (3 x 10'3 mol dm'3) prepared 
in acetonitrile was incrementally added into the titration vessel containing a 
solution of TBAP (15 cm3, 0.05 mol dm'3) in acetonitrile. At least twelve 
additions were performed. The resulting potential changes were then plotted 
against -log[A g+].
ii) Complexation o f  the silver cation with the calixarene derivative. A  solution of
LI (1 x 10"3 mol dm'3) in acetonitrile was titrated to an excess of the silver 
solution into the titration vessel. This led to the formation of the silver- 
calixarene complex whose stability constant was determined as detailed in 
section 6 .1.1.3. During the titration experiment the potential, E , of the cell 
decreases as silver ions complex with LI, according to the Nernst equation.
iii) Competitive complexation o f  the silver and the lanthanide cations. A  solution 
of the lanthanide(III) cation under investigation (9.5 x 10'4 - 3.0 x 10'3 mol 
dm'3) in acetonitrile, was titrated in excess to the solution of the silver- 
calixarene complex in the titration vessel. The formation of the lanthanide(III) 
- calixarene complex led to an expected increase in the activity of free silver as 
the competitive lanthanide cation complexed with LI, thereby displacing 
silver ions. The following section lists the calculations involved in the
determination of the stability constant of the lanthanide cation with LI.
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6.1.1.3. Determ ination  o f  stability constants from  poten tiom etric
experim ents. Analysis o f  data.
i) Determination o f  the standard potential, E ° , o f  the system. The standard 
potential of the cell was calculated using the Nemst equation by performing linear 
regression (using least-squares) of the potential of the cell, E , against the logarithm
of the concentration of silver ions, log[A,g + ] for all data points. The Nemst equation 
can be expressed in terms of log[Ag + ] as given below.
R T
E =  E ° +  —  2.303 log[Ag + ] 
n F
= E °  +0.0591 log[Ag+] (6.3)
where 0.0591 V is the value for the Nemst constant at 298.15 K. E° is taken as the 
value of the intercept of this plot.
ii) Determination o f  the stability constant o f  the silver-calixarene complex.
The first reaction under investigation is the complexation of the silver cation with LI 
represented by the following equation.
Ag * (M e C N ) +LI (M e C N ) Ks > A g +LI (M e C N ) (6.4)
The stability constant, K s , of the above process is given by
(6.5)
[Ag+][L1]
where [Ag+], [LI] and [Ag+Ll] are the molar concentrations of the free silver, free 
calixarene and silver-calixarene complex respectively.
The total concentration of silver, [Ag + ]r , is given by
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[A g  + ] T = [ A g  + ] + [ A g +LI] (6 .6)
Rearranging eqn. 6.6 gives
[ Ag+L1] = [Ag  + ]r -  [Ag  + ] (6.7)
The concentration of free silver is calculated from eqn. 6.3 (Nernst equation).
The total concentration of calixarene, [Ll]r , is calculated from
[Ll]r = [Ll] + [Ag+Ll] (6 .8)
Rearrangement of eqn. 6.8 gives
[LI] = [Ll]r -  [Ag+Ll] (6.9)
Combination of eqns. 6.3, 6.7 and 6.9 allows the determination of K s according to 
eqn. 6.5.
iii) Determination o f  the stability constant o f  the lanthanide-calixarene complex. 
The second reaction under study is the competitive complexation of the silver (Ag + ) 
and the lanthanide (M3+) cations with LI as given by the following equation.
Ag  + LI (M e C N ) + M3+ (M e C N ) — ^ — > 3+ LI (M e C N )  + Ag+ (M e C N )  (6.10)
The stability constant, K s , of the above process is
[Ag+L 1][M ]
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The total concentrations of all three reactant species in the titration vessel are given by 
eqns. 6.12, 6.13 and 6.14.
[A g  + ] T = [ A g  + ] + [ A g +LI] (6.12)
[Ll]r =[Ll]+[A g+Ll]+[M 3+Ll] (6.13)
[M3t]r =[M 3+]+[M 3+Ll] (6.14)
The concentration of the free silver-ion is calculated from eqn. 6.3 (Nemst equation). 
This value is subsequently used to determine [Ag+Ll] from eqn. 6.12.
The concentration of calixarene, [LI], is then given by rearranging eqn. 6.5 as shown 
below.
[Ll] -  [Ag —  (6.15)
< [ A g  + ]
With this value, [M3+Ll] is calculated using eqn. 6.13. [M3+] is then calculated
from eqn. 6.14. Having determined, [M3+L1], [Ag+], [Ag+Ll] and [M3+], K ” is 
finally determined using eqn. 6 .11.
Combination of eqns. 6.4 and 6.10 gives eqn. 6.16 which represents the process under 
investigation involving the complexation of the lanthanide cation and Ll.
M 3+ (M e C N )+ I , l (M e C N ) Ks > M i+ Ll(M6.16)
Lastly, multiplying eqns. 6.5 and 6.11 gives a value for K s , the stability constant of 
the lanthanide-calixarene complex as shown below.
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„ [M 3+L1]
5 [M 3+][L1]
(6.17)
6 .1.2. RESULTS AND DISCUSSION
6.1.2.1. Determ ination  o f  the standard potentia l, E ° , o f  the ce ll
Table 6.1 shows the response of the silver electrode during a typical calibration 
experiment earned out in acetonitrile at 298.15 K, as described in Experimental 
Procedure, section 6 .1.1.2. Fig. 6.3 shows the corresponding plot of potential, E ,  
against the negative logarithm of the silver-ion concentration.
Table 6.1 Potentiometric data used to determine the standard potential, E ° , of 
the cell in acetonitrile at 298.15 K.
-log[A g+] mV
4.91 
4.61 
4.44 
4.32 
4.23 
4.15 
4.09 
4.04 
3.99 
3.95
3.91 
3.88 
3.84 
3.82
329.3
346.6
356.6
364.2
369.2
374.3 
377.1
381.4 
384.3
385.7
388.7
389.7
392.8
393.8
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-log [Ag*]
Fig. 6.3 Plot of E  against -log [A g+] for the determination of the standard 
potential, E ° , of the cell in acetonitrile at 298.15 K.
The value of the slope of this plot corresponding to the Nemst constant was 0.0593 V
which is quite close to the expected value at 298.15 K (0.0591 V) whilst E ° , the 
value of the intercept, was 620.2«y. Nemstian behaviour was observed in all systems 
studied.
6.1.2.2. Determ ination  o f  the stability constant o f  5, 11, 17, 23- 
tetrakis-( 1, 1-dim ethylethyl)-25, 27 -b is [2 -(m ethy lth io )ethoxy ]- 
26, 28-b is [2 -(d iethy lam ine)ethoxy ]ca lix [4 ]a rene (L1) with 
silver in acetonitrile  a t 298.15 K.
Table 6.2 reports the potentiometric data obtained as LI was titrated into the silver 
salt solution in acetonitrile at 298.15 K for a typical titration experiment.
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Table 6.2 Potential and mole ratio (Ll/Ag+) data for the titration of silver 
perchlorate with LI in acetonitrile at 298.15 K.
The value for the stability constant of the Ag+-Ll complex obtained in acetonitrile at
298.15 K from potentiometric measurements was, logXj = 3.40 ± 0.06 . This value 
is the average obtained from twenty experiments.
6.1.2.3. Determ ination  o f  stability constants o f  various
lanthan ide(lll) ca tions with 5, 11, 17, 23-tetrakis-(1 , 1-dim ethyl 
ethyl)-25, 27 -b is [2 -(m ethy lth io ) ethoxy]-26, 28-b is [2 -(d iethy l 
a m in e )e th oxy ] ca lix [4 ] a rene (L1) in acetonitrile  a t 298.15 K
Table B.l in Appendix B lists titration potentiometric data for the complexation of LI 
with scandium, yttrium, lanthanum, praseodymium and samarium, whilst Table B.2 in 
the same appendix lists the data for europium, gadolinium, terbium, erbium and 
ytterbium in acetonitrile at 298.15 K, derived from the competitive potentiometric
Ll/Ag+ mV
0.120
0.241
0.361
0.481
0.601
0.722
0.842
0.962
1.083
1.203
1.323
1.443
1.564
1.684
1.804
1.925
2.045
379.0
377.5
377.0
375.6
375.0
375.2
373.2
373.0 
372.9
372.0
370.3
370.5
369.6
368.8
367.8
368.2
368.2
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method. A gradual change of potential with mole ratio is observed around the 
endpoint which suggests that the stability constant has an intermediate value.
Table 6.3 lists stability constants (expressed as logKv) of various lanthanide(III) 
cations with LI, in acetonitrile at 298.15 K derived from these measurements.
Table 6.3 Stability constants of lanthanide(III) cations with LI in acetonitrile at
298.15 K determined by potentiometry.
Cation logKs
Sc3+ 4.42 ± 0.06
y 3+ 4.45 ±0.07
La3+ 4.55 ±0.09
Pr3+ 4.59 ±0.04
Sm3+ 4.19 ±0.09
Eu3+ 4.84 ±0.07
Gd3+ 5.05 ±0.05
Tb3+ 3.65 ±0.08
Er3+ 3.98 ±0.06
Yb3+ 4.30 ±0.09
Since these measurements showed that log K s values were within the scope of 
calorimetry, this technique was subsequently used in order to determine the 
thermodynamic parameters of complexation (logK 5, ACH ° ,  ACG°  and Ac5°) of
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lanthanide(III) cations and macrocyclic ligands in acetonitrile and N,N- 
dimethylformamide at 298.15 K. These are discussed in the following section.
6 . 2 . T I T R A T I O N  C A L O R I M E T R Y
Titration calorimetry is a technique developed and applied extensively by Christensen 
and Izatt [8]-[l 1] to measure thermodynamic quantities for reactions in solution, 
where one reactant is titrated into another. The temperature of the system is then 
measured as a function of the titrant added.
There are two types of calorimetric titrations, incremental and continuous. In the first 
type the titrant is introduced incrementally and the temperature of the system is 
recorded after each addition and then usually readjusted to its initial value before new 
addition of titrant takes place. This method allows only a limited number of data 
points to be obtained depending on how many increments of titrant are added. Its 
main advantage is the small temperature change for a given incremental titrant 
addition and hence the correspondingly small temperature dependent corrections (e.g. 
heat leak).
In continuous titration calorimetry, the titrant is added at a constant rate during a run 
and the temperature is recorded continuously. In this way a complete record of the 
reaction is obtained and therefore an unlimited number of data points is available for 
calculation purposes. The main disadvantage is the large overall temperature change 
being measured which may lead to greater errors (when compared with the 
incremental method) reflected in the thermodynamic quantities. A quick response of 
the measuring device to temperature changes is also essential in this case.
The successful application of titration calorimetry to a given system depends on the 
following conditions •
i) The stability constant and the reaction conditions are such that a measurable
amount of reaction takes place.
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ii) The enthalpy change for the reaction to be investigated is measurably different 
from zero.
The magnitudes of K s and AH  for the overall reaction taking place in the vessel 
should therefore be within certain limits. Fig. 6.4 shows that the curvature of a given 
titration curve (called thermogram) is a function of the K s value assuming AH  is
constant as well as the AH  value assuming K s is constant. In the case of a low
equilibrium constant, the heat changes observed throughout the course of the reaction 
are too small so as to allow valid estimation of the thermodynamic parameters. For 
reactions with very large K s values, the titrant will be almost quantitatively
consumed until the equivalent point is reached. Under these conditions the AH  value 
for the reaction can be measured but not the stability constant. Fig. 6.4 also illustrates 
the ambiguity of differentiating between titration curves associated with large K s
values. On the other hand if AH  is too small, the heat output will be correspondingly 
too small to measure being subject to considerable error.
The use of this technique is thus limited to log K s values generally between 1 to 6
and AH  being large enough that a temperature change of at least 0.01° is generated 
by the reaction [8]. However, with today’s state of the art sophisticated computerised 
equipment utilising low noise differential amplifiers, further improvements can be 
achieved.
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(a)
(b)
Fig. 6.4 Illustration o f the dependence o f the thermometric curve on the values 
o f K s with constant AH  (a) and AH  with constant K s (b).
In this part of the work, thermodynamic data were derived from two techniques, 
(classical) titration macrocalorimetry and microcalorimetry. The first type, classical 
titration calorimetry, involves the use of a macrocalorimetric system designed for fast 
reactions. In these studies the Tronac 450 macrocalorimeter was used for this
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purpose. The second technique involves the use of a microcalorimetric system. Thus, 
the four channel heat conduction microcalorimeter, designed to follow the course of 
fast as well as slow processes was used.
Before proceeding with a general description of the titration experiments performed 
during the course of this work (section 6.2.1.7), a brief introduction about the two 
types of calorimeters used as well as methods involved in calorimetric measurements 
in each case are first given in sections 6.2.1.1-6.2.1.4. Calorimetric data for the 
interaction of lanthanide(III) cations and the macrocyclic ligands shown in Fig. 6.5, in 
two dipolar aprotic media (acetontitrile and N,N-di meth yl form ami de) at 298.15 K are 
given in sections 6.2.2.3-6.2.2.7 whilst conclusions regarding the complexation 
process involving these systems are finally presented in section 6.2.2.8.
L4 L6
L7
Fig. 6.5 Structures of macrocyclic ligands.
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6.2.1. EXPERIMENTAL PROCEDURE
6.2.1.1. The Tronac 450 calorimeter 
Fig. 6.6 shows a block diagram illustrating the main components of a titration 
macrocalorimetric system. It consists of a constant flow or incremental (motorized) 
burette, a reaction vessel containing the temperature sensor (i.e. thermistor), a 
measuring circuit (Wheatstone bridge) which converts the temperature change sensed 
by the thermistor to a corresponding voltage which is subsequently amplified by the 
amplifying circuit and recorded on a strip chart recorder. The control unit, shown in 
the same figure, controls the temperature of the reaction vessel and the burette.
Fig. 6.6 Block diagram o f a typical titration macrocalorimeter.
A plot of temperature versus time, i.e., a thermogram obtained during a titration 
calorimetric run when using a typical macrocalorimetric system is shown in Fig. 6.7. 
In this curve region ‘a’ is the initial or pre-reaction period during which the net heat 
effects generated in the calorimeter vessel are due to heat of stirring, heat effect from 
the resistance thermometer and heat leaks. Region ‘b’ is the reaction period which is 
dependent on i) one or more reactions occurring in the calorimeter, ii) the heat effects 
resulting from the dilution of titrant and titrate and the temperature difference between 
titrant and titrate and lastly iii) the effects mentioned for region ‘a5. Region ‘c5 is the
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post-reaction region where the temperature change is caused by similar heat effects to 
those of region ‘a’ .
Fig. 6.7 Plot o f temperature vs. time (thermogram) obtained from  a titration 
macrocalorimeter.
In this study, the Tronac 450 calorimeter was used as an isoperibol titration 
macrocalorimeter. Description of the calorimeter together with details on heat 
corrections and calculation procedures followed in this case are given in chapter 7.
6.2.1.2. Calibration of the Tronac 450 calorimeter 
The reproducibility of the apparatus was checked by i) calibrating the burette and ii) 
chemical calibration of the calorimeter using a standard reaction.
(i) Burette calibration
The burette has been calibrated by weighing amounts of distilled water delivered by it 
over several time intervals. For this purpose, the burette was filled with distilled 
water and subsequently immersed into the thermostated bath in order to maintain its 
temperature at 298.15 ± 0.01 K. After allowing for thermal equilibrium, water was 
collected over several time intervals and its weight was accurately measured. This 
allowed the determination of the burette delivery rate (BDR) expressed in units of 
volume per units of time (pi s'1) using the following equation.
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BDR=^~ (6.18)
p t
In this equation, w is the weight of water (g) used, p is the density of water (g cm*3) 
at the temperature of the calibration in this case 298.15 K and t is the collection time 
(s).
(ii) Chemical calibration
The enthalpy of protonation of an aqueous solution of tris(hydroxymethyl) 
aminomethane (THAM) in hydrochloric acid at 298.15 K was measured in order to 
check the performance of the calorimetric system. This is a well known standard 
chemical reaction and the values of enthalpy are well established [12]. The process 
refers to the following reaction.
H 2NC(CH2OH)3(a9) + # 3 0 % )  -> H 2N  + H2Oiaq) (6.19)
For this purpose, an aqueous solution of THAM placed in the burette was 
incrementally titrated into the reaction vessel containing an aqueous solution of 
hydrochloric acid (50 ml).
6.2.1.3. The four channel heat conduction microcalorimetric 
system
The four channel heat conduction microcalorimeter (Thermometric 2277) designed by 
Suurkuusk and Wadso [13], is a system consisting of a thermostated water bath which 
can hold up to four calorimeters ( ‘channels’) operating independently of each other. 
Figs. 6.8 and 6.9 show schematically the type of heat conduction calorimeter used in 
part of this work. This type of calorimeter is characterised by good long-term 
baseline stability and high sensitivity which means that small amounts of samples are 
required for titration reactions. A brief account of the design is given below.
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Fig. 6.8 The four channel heat conduction calorimeter [13]. a, Electric console; 
b, inner lid; c, outer lid; d, water bath; e, twin calorimeter; f, pump outlet 
tube; g, polyurethane foam insulation; h, centrifugal pump.
The calorimeter (Fig. 6.9) is made up of two aluminium cylinders (C and E), which 
play the role of the main heat sinks. These enclose the twin calorimetric unit (D) and 
the whole system is suspended inside a steel vessel (f). This steel container is 
immersed in a water bath at a constant temperature (± 1 x 10 4 K). The twin 
calorimetric unit (D) consists of two holders for insertion vessels ( ‘ampoule holders’ , 
1). Each ampoule holder is surrounded by two semiconducting Peltier elements 
(thermopiles) m, which form thermal bridges to the small aluminium blocks i. The 
calorimetric vessel being inserted in one of the ampoule holders is surrounded by the 
thermopiles through which heat is conducted to or from the surrounding heat sink (C 
and E). The thermopiles in the reference vessel placed in the second ampoule holder 
are connected in opposition to the thermopiles in the reaction vessel as shown in Fig.
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6.9. The voltage from the thermopile is proportional to the temperature difference 
between the vessel and the heat sink. Thus the voltage - time integral is proportional 
to the amount of heat transported to or from the calorimetric vessel. Calibration 
heaters are placed in the middle section of the ampoule holder, n.
Fig. 6.9 Twin calorimetric channel [13]. C and E are main heat sinks and D is 
the twin calorimetric unit, a and g, Ryton connecting tubes; b, lid; c and 
d, steel tubes; e, steel lid; f, steel vessel; h, i and j, aluminium blocks; k, 
steel spring; 1, ampoule holder; m, Peltier elements; n, calibration heater.
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The titration - perfusion vessel shown in Fig. 6.10 is the type of vessel developed for 
use in titration, mixing and dilution experiments. Fig. 6.10 b shows a picture of the 
vessel inserted into the calorimeter at the measuring position. The vessel is 
transferred to its measurement position stepwise; the three thermostating positions are 
indicated in Fig. 6.10 b. The equilibration time required after that is about 40 
minutes. If the vessel has been introduced to the lower thermostating position too fast 
however, the block temperature may be considerably disturbed. Equilibration times 
amounting to several hours may then be added in order to reach a constant baseline 
value. The type of vessel used in the present work was a 3 ml stirred titration vessel 
made from acid-proof steel. Reagents were injected by the use of Hamilton syringes, 
positioned in computer-operated drive units. Thin stainless steel hypodermic needles, 
permanently fixed to the syringes, reached directly into the calorimetric vessel. The 
calorimetric signal was measured by digital voltmeters that were part of a 
computerised recording system.
Efficient stirring of the vessel content is very important. Fig. 6.11 shows three 
different types of stirrers often used. Type (b) used in this work, is a turbine stirrer 
which circulates the liquid inside the vessel according to the pattern indicated by the 
figure.
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a
(a) (b)
Fig. 6.10 The titration - perfusion vessel (a) and vessel in measurement position 
(b) [14]. C and E, heat sinks (see Fig. 6.9). a, titration tube; b, stirrer 
motor; c, plastic tube; d, steel tube; e and f, brass bolts; g and h, sample 
compartment; i, aluminium cylinder. Arrows indicate the three 
thermostating positions (see text).
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Fig. 6.11 Different types o f stirrers used in the reaction vessel [14].
In a single thermocouple, the heat flow, is proportional to the temperature
dt
difference, A7), over the thermocouple (eqn. 6.20) and thus to the potential, U t, over 
it (eqn. 6.21).
dqi
dt
k i A f ( 6 . 2 0 )
where kt is the heat conductivity coefficient of the thermocouple.
Ui =eATi ( 6 . 2 1 )
In the above equation e is a material constant for the thermocouples (Seebeck 
coefficient).
The total heat flow, — , to or from the vessel is proportional to the temperature 
dt
difference, A T , between the reaction vessel and the heat sink. Assuming that all heat 
flows through the thermopile wall, AT is equal to the temperature difference over the
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thermopile (eqn. 6.22) and thus to the total potential, U , of the thermopile wall (eqn. 
6.23).
—  ~k n  AT (6.22)
dt
where n is the number of thermocouples forming the thermopile wall and k and AT 
are the average values of individual kt and A7} respectively.
U -  ne AT (6.23)
The rate of uptake or release of thermal energy (the thermal power, P ) in the reaction
vessel is related to the total heat flow ( — ) and to the heat capacity (C ) of the
dt
reaction vessel (vessel content and holder) according to eqn. 6.24.
P = —  + (6.24)
dt dt
dT
where —  is the rate of temperature change of the vessel. At a constant heat sink 
dt
temperature, eqn. 6.24 can be written as
P  = Y l  + c L ? I }  (6.25)
dt dt
Combination of eqns. 6.22 and 6.23 leads to eqn. 6.26
P = ec (U + T — ) (6.26)
dt
where r = —7- is the time constant of the instrument and = — is a calibration
en k c
constant. Eqn. 6.26 is known as Tian’s equation and gives the relationship between 
the thermopile potential and the thermal power of the reaction for a non-steady-state 
process. The released heat, q , can be obtained by integrating eqn. 6.26 which will 
lead to the simple expression
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q = Sc jU  dt (6.27)
provided that the initial and final potential are identical (ideally = 0).
J
At steady state, the heat flow, — , is directly proportional to the thermopile potential,
dt
U . The thermal power, P is then
P = £CU (6.28)
and the heat quantity evolved during a time At is thus
q = £c U At (6.29)
6.2.1.4. Calibration of the four channel heat conduction 
microcalorimeter
The accuracy and reproducibility of the microcalorimetric system was checked by 
calibrating the apparatus. This involved the calibration of the syringe as well as the 
electrical calibration of the microcalorimeter.
(i) Calibration of the Hamilton gas-tight syringe
The 500 pi Hamilton syringe was calibrated by accurately measuring the weight of 
water delivered by it. For this purpose, distilled water (~ 0.04 g) was injected from 
the syringe (driven by an electrical motor) into a sealed vial through the use of a 
hypodermic needle. The mass of water after each injection was determined by a five 
decimal places electronic balance. The calibration result obtained for one Hamilton 
syringe used in part of this work was found to be 41.25 ± 0.03 pi.
(ii) Electrical calibration of the microcalorimeter
During an electrical calibration, a known current is passed through the appropriate 
heater resistor whose value is known. A specific thermal power is dissipated, the
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value of which is used to determine quantitative experimental results from the titration 
experiments carried out.
Electrical calibration experiments performed are of two types. The first one involves 
the use of the permanently installed internal calibration heater positioned in the 
bottom plate of the ampoule holder (see Fig. 6.9) and the other involves the use of an 
external insertion heater. The latter consists of insulated manganin wire and is fitted 
with 0.15 mm copper leads. The manganin part of the heater arranged as a horizontal 
ring (10 mm diameter) was installed at the bottom of the stirrer shaft. Both heater and 
leads were brought in direct contact with the calorimetric solution. In all calibration 
experiments the titration vessel was charged with the solvent being stirred throughout 
the experiment. Although the two calibration constants obtained from the above types 
of calibration agreed to within 0.7 %, only the value obtained from the external heater 
was used in the calculation of results and is therefore reported, since this type of 
calibration is believed to simulate the experimental conditions of the titration 
experiments in a more accurate way. Electrical calibration experiments were earned 
out in two solvents, water and acetonitrile.
Most of the heat conduction type calorimeters are calibrated electrically. Although 
this is considered to be an accurate and convenient method of calibrating the 
microcalorimeter, it may or may not be representative for the chemical processes 
studied [15]. It is therefore important to check the validity of the electrical calibration 
values with chemical test processes available. This was earned out in the 
Thermochemistry Laboratory using well known standard reactions [16].
6.2.1.5. Heat corrections
In a calorimetric titration experiment the total heat produced as the titrant is added to 
the reaction vessel ( ‘gross heat’ ) does not only involve the heat of complexation but 
also other heat effects originated by side processes. These occur in both types of 
calorimetry (macro and micro) and are described as follows.
i) Heat of dilution of titrant and titrate. As the titrant is added to the titrate, a 
heat effect may occur due to chemical changes such as solvation or hydrolysis.
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This heat contribution is concentration dependent and can be determined 
experimentally from available data [17]-[19]. Enthalpy of dilution of the 
titrants was found significant in this work. Thus, it was corrected for 
experimentally in all cases, i.e., by incrementally adding the same amount of 
titrant, used during the reaction experiment, to the pure solvent contained in 
the calorimetric vessel and measuring the heat generated. Heats of dilution of 
the titrates were found to be negligible. These were measured by checking the 
amount of heat produced when adding a volume of the pure solvent, equal to 
that of the titrant used in the reaction experiment, into the calorimetric vessel 
containing the titrate.
ii) Temperature difference between titrant and titrate. If there is a temperature 
difference between the titrant and the titrate, an extra heat effect is generated 
in the reaction vessel during the titration experiment which should be 
corrected for. In the case of the macrocalorimeter used, this difference is not 
considered significant since the burette is immersed in the thermostated bath 
of the calorimeter, so that titrant and titrate are kept at the same temperature. 
However this is not the case for the microcalorimeter, where the syringe was 
kept outside the bath. Hence, extra care was taken in order to ensure that the 
temperature was maintained constant, at a value as close as possible to the 
temperature of the thermostated bath.
iii) Heat contributed from other reactions. If reactions other than the 
complexation process occur in the calorimetric vessel, their heat contribution 
should be corrected for. Hydrolysis of the ligand is a common side reaction. 
In the present work no effect of this type had to be considered.
In addition to these heat effects, which are typical of titration calorimetry, other heat 
contributions to the gross heat produced in the reaction vessel apply in the case of 
classical (macro) calorimetry similar to those encountered in dissolution calorimetry 
(e.g. heat leak and heat of stirring) and are corrected in the same way (see chapter 7).
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6.2.1.6. Simultaneous determination of the stability constant and 
enthalpy change of complexation from calorimetric data
(i) The Nil (cation : ligand) case
In the case of the stepwise formation of the M nL complex between a metal-ion M
(for simplicity a univalent cation was chosen whose charge was omitted) and a ligand
L , the following equations describe the equilibria
M + L —> ML (6.30)
2M + L - »  M 2L (6.31)
nM  + L —> M nL (6.32)
The value of the stability constant KSj for the /th species (assuming relatively diluted
solutions in which case the activity coefficient of the neutral ligand is close to unity 
and the activity coefficients of the metal-ion and metal-ion complex are similar) is 
given by
(6.33)
m v m
where [M ], [L] and [M yL] are the equilibrium molar concentrations of the free 
reactants (metal-ion and ligand) and of the /th complex formed respectively.
Q = ~V i [ M {L] AcHt (6.34)
i= i
The total heat of the reaction is given by
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where V is the volume of the resulting solution and AcHj is the enthalpy of 
complexation.
From the mass balance equations we have
where [M T ] and [Lr ] are the total concentrations in the molar scale of the metal-ion 
and the ligand in the calorimetric vessel.
If the values of K s. are known, the values of [M,L] can be calculated by combining 
eqns. 6.34, 6.35 and 6.36. The values of AcHj- can then be obtained by a linear least 
squares estimation algorithm from the set of m measurements by minimising the sum 
of squared differences, U , between the experimental and the calculated values of Q .
The determination of Ks. involves iterative assumption of new sets of values for Ks. 
with subsequent evaluation of the error function, U , until the optimal values for Ks. 
and AcH t are found so that U is minimised. In practice, sophisticated non-linear 
minimisation algorithms which intelligently search the configuration space of the 
problem are employed [20],[21]. In this case, a computer program was developed for 
the calculation of logX^ and ACH by Dr N. Georgis, Dept, of Electronics, 
University of Surrey. This computer program utilizes the following steps.
[ M r ]  =  [ M ]  + (6.35)
n
[Lr ] = [/.] + £  [M,L] (6.36)
1=1
U =  X  Qexp ~ V  A c ® (6.37)
1. Initial assumption of Ks values.
2. Calculation of the concentrations of the differenct species in the calorimetric 
vessel at each data point for an assumed value of Ks.
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3. Calculation of the ACH value corresponding to the Ks value chosen which best 
fits all data points in the least square sense.
4. Evaluation of the sum of squared errors, U .
5. Repetition of all the above steps assuming new Ks values until the optimal Ks 
and ACH are found which give the minimum value for U .
Having obtained the stability constant, K s and the enthalpy of complexation, ACH°,  
the standard Gibbs energy, ACG° and the standard entropy of complex formation, 
ACS° , are then derived from the following equations
ACG° =~RT\nKs (6.38)
and
ACG ° = A CH° -  TACS° (6.39)
(ii) The 1:1 (cation : ligand) case
The case of a 1:1 complex formation is described by
M + L - >  ML (6.40)
From the mass balance equations we obtain
[Lt ] = [ L ] + [ M L ] (6.41)
and
[ M T\=[M]+[ML] (6.42)
Therefore,
[ML] [ML]
(6.43)
[M ] [L] ( [Lt ] -  [ML])( [Mt ] -  [ML ] )
Rearrangement of eqn. 6.43 yields the following quadratic equation in terms of [M L ].
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[ML]2 -  ([Lr] +[Mr] +1/KS ) [ML ] + [Lr][Mr] = 0 (6.44)
The negative solution of the above quadratic equation is guaranteed to satisfy the 
necessary constraints [ML]>0 and [LT] >  [ML ] , and is given by
ril„rl ( [Lt ] + [ M t ] + 1/Ks) - J ( [ L t ] + [ M t ] + \/Ks) 2- 4 [ L t ] I M t ]
[ML] = ----------------------------------- ------------------------------------  (6.45)
The value of Q can be calculated according to
QCa i = - A cH V [ M L ]  (6.46)
The sum of squared errors, U , for all m measurements is then given by the following
equation.
V ='Z(Qexp - Q c a t f  (6.47)
The value of ACH can be found using a linear least-squares optimisation algorithm so 
that
v  = X  -  Ac «  V [ML] f  (6.48)
111
is minimised. The value of Ks which minimises U can then be found by using 
suitable numerical optimisation algorithms as explained in the previous section.
(iii) The 2:1 (cation : ligand) case
K sM + L  ML
The case of a 2:1 complex formation is described by
(6.49)
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Ks,ML + M  ^ c tM 2L (6.50)
It can be shown that the values of Ks and K s are given by
 ____________________________[ M tL ]
s' ( ( L ,  ]  -  [M,L]-  [ M 2L ] ) ( ( M T ] -  [M ,L ] -
= ~  , —  ~  —   ...........................   (6-51)
and
K s, -77: TTTTTT CTTTTTT+TTT TCT (6-52)
 ___________ [ M 2L]
52 [ i W , L ]  ( [ M  T] — [M, L ]  — 2  [ M  2L ] )
Solving the above system of two simultaneous equations yields the following cubic 
equation for [M jL ].
a [M ,L]3 + b [.M XL ]2 + c [MjL] + d = 0 (6.53)
where the coefficients a, b, c and d are given by
a = -J fSi /rj2 + 4 K +  (6.54)
b = 2 KSt Kh [Lt ] - K s<+ 4 ^  (6.55)
c = KS] [Lj ]  + ^  [iWr ] + ATJt i fS2 [MT]2 -  2 KSi 1 (6.56)
d = -  Ks< [LT] ( M T](6.57)
At least one of the three solutions of the above cubic equation is guaranteed to satisfy 
the constraints [ M ]L ] > 0 ,  [ M 2L ] > 0 ,  [ M XL] + [ M 2L] < [LT] and
[ M XL] + 2 [ M 2L \ < [ M T]. The value of [M 2L ] can be then calculated by the 
following equation.
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Ks [ M iL ] ( [ M T] - [ M XL] )
[ M 2L\ = —  --------------------------
2 KS2[M xL\+\
(6.58)
The value of Qcal can then be calculated by
Qcal= ~ A cH { V [ M xL\-AcH 2V [ M 2L\ (6.59)
and the value of the error function, U , to be minimised is given by
u = (<2exp -  Qcal f (6.60)
In a similar fashion to the 1:1 case, new Ks( and K s^ values are chosen repeatedly 
and the magnitude of the sum of squared errors, U , is calculated for each set of Ks
and Ks values until the optimal Ks^ , K s , ACH {  and ACH2° are found which give 
the minimum value of U .
All calorimetric titration experiments were earned out 298.15 K using the technique 
of incremental additions. Thermodynamic data of complexation were determined by 
classical titration calorimetry (macro) using the Tronac 450 calorimeter and by 
titration microcalorimetry using the four channel heat conduction microcalorimeter 
(Thermometric 2277). For the former, a solution of the lanthanide salt (concentration 
range from 9.5 x 10'4 to 3.0 x 10'3 mol dm'3) in the appropriate solvent was placed in 
the burette. The macrocyclic ligand in question (50 cm3, concentration range from 1.0
a 3 3
x 10' to 1.0 x 10' mol dm' ) in the same solvent was subsequently pipetted into the 
reaction vessel. The whole system was then immersed in a thermostated water bath at
298.15 K and allowed to reach thermal equilibrium. The titrating solution was 
subsequently added at a fixed burette delivery rate and the time of each addition was 
recorded. A chart recorder was used to monitor the reaction. An electrical calibration 
experiment was carried out after every titration performed. Blank experiments were
6.2.1.7. Calorimetric titrations of lanthanide(lll) cations and 
macrocyclic ligands in dipolar aprotic media at 298.15.K
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earned out in all cases to account for the heat of dilution effects resulting from the 
addition of the metal-ion salt solution into the appropriate solvent.
In a typical microcalorimetric titration experiment, the reaction vessel was charged 
with 2.8 cm3 of the macrocycle solution (concentration range from 7.5 x 10'5 to 1.0 x 
10' mol dm') in the appropriate solvent. The lanthanide salt solution (concentration 
range from 9.5 x 10'4 to 3.0 x 10'3 mol dm"3) was subsequently injected incrementally 
using a 0.5 cm3 gas-tight motor driven Hamilton syringe. In each titration experiment 
about fourteen injections in the case of 1:1 M:L (metal-ligand) complexation and 
about twenty five in the case of 2:1 M:L complexation (0.015 - 0.025 cm3 each) were 
made, at time intervals of one hour. Corrections for enthalpy of dilution of the titrant 
in the solvent were carried out in all cases.
All titrations were performed with the macrocycle in the vessel due to the low 
solubility of the calix[4]arene derivatives in the given solvents. Furthermore, 
comparatively small heats of dilution relative to the heats of reaction were obtained 
for the lanthanide salts in the solvents used which minimised the errors introduced by 
the (small) heat correction terms.
Thermodynamic parameters of complexation were calculated from the calorimetric 
data by methods described in section 6.2.1.6. Titration calorimetric data and results of
calculations for the determination of K s and ACH° for all titrations carried out are 
presented in Tables B.3-B.56 in Appendix B. In these tables [Mr ] and [Lr ] are the 
total molar concentrations of the ligand and metal-ion present in the calorimetric 
vessel in each step. Q and Qcal are the respective experimental and calculated 
values of heat generated in the vessel at each data point.
Ion pair formation in solution was reduced to a minimum by using solvents of 
relatively high dielectric constant and by working with relatively low electrolyte 
concentrations in the reaction vessel. Conductance measurements showed that at such 
low concentrations, lanthanide(III) cations are the predominant species in solution. 
For further discussion see chapter 5, where conductance studies are elaborated.
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Additional evidence which indicated that ion-pair formation in acetonitrile and N,N- 
dimethylformamide was negligible in the experiments undertaken, was provided by 
the data analysis itself. Indeed, using the minimisation technique described in the
previous section, values for Ks and ACH° were obtained after a few iterations. The
fact that the algorithm converged to a reasonable solution with relatively small error 
values in all cases studied, indicated that the proposed model successfully fitted the 
experimental data. Therefore, it seemed not necessary to introduce a treatment which 
allowed modelling of possible ion-pair formation, which in this case could be safely 
neglected.
6 .2.2. RESULTS AND DISCUSSION
6.2.2.1. Calibration of the Tronac 450 calorimeter
(i) Burette calibration
The burette was calibrated as detailed in the experimental procedure, section 6.2.1.2. 
Table 6.4 lists the results obtained for the determination of the burette delivery rate 
(BDR) for the Tronac 450 titration calorimeter using water as a solvent at 298.15 K.
Table 6.4 Burette delivery rate (BDR) at 298.15 K.
Time (s) Weight (g ) BDR (|fi s'1)
25.44 0.14063 5.44
27.18 0.14854 5.48
25.62 0.13880 5.43
25.71 0.13961 5.45
25.75 0.14130 5.50
25.45 0.13877 5.47
25.44 0.13760 5.43
25.54 0.14101 5.54
25.88 0.14159 5.49
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Average value: 5.48 ± 0.04 pi s'1.
(ii) Chemical calibration
The calorimeter was chemically calibrated using the protonation of an aqueous 
solution of THAM in hydrochloric acid at 298.15 K as explained in section 6.2. L2.
During this experiment, an aqueous THAM solution (0.2 mol dm 3) placed in the 
burette was incrementally titrated into the reaction vessel containing 50 cm3 of 0.1 
mol dm’3 HC1.
The heat of reaction observed in each addition, Qr , was determined over seven 
additions, and corrected for the heat due to the hydrolysis of THAM in water, Qh and 
the heat due to the dilution of THAM in the volume of water placed in the reaction 
vessel, Qd . The heat of protonation, Qp, is thus
The heat of dilution of hydrochloric acid in water was found to be negligible. 
The hydrolysis reaction of THAM may be represented by
Qp -  Qr ~Qh ~Qd (6.61)
THAM + H 20  -> HTHAM + + OH ~ (6.62)
The hydrolysis constant, Kh, is given by eqn. 6.63.
[HTHAM + ][ OH ~ ] 
[TIIAM]
(6.63)
The reported value [11] for log Kh is -5.929.
The concentration of [OH ] was calculated from eqn. 6.64.
[O H " ]  = (K h [!THAM] )1/2 (6.64)
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The heat associated with the hydrolysis of THAM in water was calculated from
where V is the volume added and AhH is the enthalpy of formation of water (-51.63 
kJ mol'1) [11] at 298.15.K. By substituting eqn. 6.64 into eqn. 6.65 a value for Qh is 
obtained.
The enthalpy of protonation A pH is thus calculated from eqn. 6.61 using the 
following expression.
Qh = [ O H ~ ] V A hH (6.65)
& pH  =  —— 
n
Q
( 6 . 6 6 )
where n is the number of moles of THAM added in each step.
The results obtained for the protonation of THAM in water at 298.15 K are listed in 
Table 6.5.
CHAPTER 6. THERMODYNAMICS OF COMPLEXATION 220
Table 6.5 Standard enthalpy o f protonation o f T H A M  in water at 298.15 K  
using the Tronac 450 calorimeter.
Volume
(ml)
Qr
(J)
Qh
(J)
Qr
(J)
A pH° 
(kJ mol'1)
0.0830 -0.9819 -0.0022 -0.9799 -47.61
0.0735 -0.8674 -0.0026 -0.8648 -47.44
0.0818 -0.9618 -0.0023 -0.9595 -47.30
0.0736 -0.8736 -0.0020 -0.8716 -47.75
0.0727 -0.8574 -0.0021 -0.8553 -47.44
0.0998 -1.1821 -0.0030 -1.1791 -47.64
0.0631 -0.7433 -0.0019 -0.7414 -47.38
Enthalpy of protonation of THAM, A pH° -  -47.51 ± 0.15 kJ mol"1.
This result is in excellent agreement with the value reported by Ojelund and Wadso
[12] (-47.49 ± 0.04 kJ mol'1) using an LKB reaction calorimeter.
6.2.2.2. Electrical calibration of the four channel heat conduction 
microcalorimetric system
Tables 6.6 and 6.7 list the results obtained for the determination of the electrical 
calibration constant, ec, of the microcalorimeter with the external insertion heater, 
using water and acetonitrile as solvents respectively. The values of the power range 
as well as the current supplied are also listed. Fig. 6.12 shows a representative 
potential - time plot for the electrical calibration in water at 298.15 K using a steady 
current for 1200 s. In practice the value for the electrical calibration constant, ec, 
was taken as the average of five experimental runs as shown in Fig. 6.13.
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Table 6.6 Electrical calibration o f the microcalorimeter in water at 298.15 K.
Power (+W ) Current (m A) e c (m j V '1)
3000 7.001 4.891 x 10'4
1000 4.001 1.618 x 10'4
300 1.999 4.864 x 10'5
100 0.999 1.623 x 10'5
30 0.501 4.416 x 10'6
Table 6.7 Electrical calibration o f the microcalorimeter in acetonitrile at 298.15 
K.
Power (jiiW) Current (m A) e c (m j V"1)
3000 7.001 4.832 x 10'4
1000 4.001 1.601 xlO ’4
300 1.999 4.801 x 10'5
100 0.999 1.593 x 10"5
30 0.501 4.367 x 10‘6
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T i m e  ( h o u r s )
Fig. 6.12 Typical potential - time plot for the electrical calibration in water at
298.15 K  using a steady current for 1200 s.
T i m e  ( h o u r s )
Fig. 6.13 Potential - time curve for an electrical calibration experiment in water 
at 298.15 K  using five consecutive runs.
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Having checked the performance of both calorimeters, the thermodynamics of 
complexation was investigated and this is reported in the following sections.
6.2.2.3. Complexation of lanthanide(lll) cations with 5, 11, 17, 23-
tetrakis-(1, 1 -dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]- 
26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, L1, in 
acetonitrile at 298.15 K by titration microcalorimetry and 
classical calorimetry
The complexation between 5, 11, 17, 23-tetrakis-(l, 1-dimethylethyl)-25, 27-bis[2- 
(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene (L I) and 
lanthanide cations was investigated in acetonitrile (MeCN) at 298.15 K. For this 
purpose, titration microcalorimetry and classical (macro) calorimetry were used. The 
data are listed in Appendix B, Tables B.3-B.15 and B.16-B.17 respectively.
The technique described in section 6.2.1.6 was used for the determination of the 
thermodynamic parameters Ks and ACH ° . In order to prove the validity of the non­
linear minimisation algorithm used, an exhaustive search of the configuration space of 
the problem was earned out. According to this, the error function, U , was evaluated 
for all possible discrete values of Ks within a given range, as illustrated in the figures 
in Appendix B, for each one of the titrations involved in the present study. The sharp 
decrease of the value of U indicates the region which corresponds to the optimal 
value of Ks.
Fig. 6.14 shows a microcalorimetric graph recorded for the titration of L I  with erbium 
in acetonitrile at 298.15 K in which the potential is plotted against time. This graph is 
typical of a 1:1 complexation reaction with an intermediate value of stability constant 
(a more gradual change of potential and therefore heat would imply a lower stability 
constant whilst a sharper change of potential with time around the endpoint would 
suggest that Ks has a higher value).
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T i m e  ( h o u r s )
Fig. 6.14 Plot o f potential vs. time for the microcalorimetric titration o f L I  with 
erbium.
Since on addition of an excess of the metal-ion solution to the calorimetric vessel 
containing the ligand solution no significant heat was generated, it was assumed that 
1:1 complexes were formed. This is further reinforced by the availability of *H NMR 
data reported in chapter 4 involving L I  and some lanthanide(III) cations. 
Thermodynamic data for these systems were therefore calculated on the basis of a 1:1 
ligand : metal-ion ratio as indicated in the following equation.
M 3+ (MeCN)+ L I  (MeCN) -> 3+ L I  (MeCN) (6.67)
Stability constants (expressed as logKs), derived standard Gibbs energies, ACG °,
enthalpies, ACH° and entropies, ACS ° , for the complexation of lanthanide(III)
cations with L I  in acetonitrile at 298.15 K by titration microcalorimetry and classical 
calorimetry are listed in Table 6.8. The data refer to the process described by eqn. 
6.67.
An overall satisfactory agreement is found between the experimental and calculated 
values of Q obtained from microcalorimetry (see Appendix B, Tables B.1-B.13) 
supporting the assumed binding model.
L
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Table 6.8 Summary o f the thermodynamic parameters for the complexation o f 
lanthanide(III) cations and L l  in acetonitrile at 298.15 K  by titration 
microcalorimetry and classical calorimetry. '**-
Cation log K
A CG °  A CH °  A CS °
(kJ mol*1) (kJ m o l1) (J K"1 mol*1)
y ------------------- Microcalorimetry---------------------------- ^
Sc3+ 4.49 ±0.03 -25.61 ±0.17 -164.24 ±0.53 -464.9
Y 3+ 4.39 ±0.05 -25.08 ±0.30 -94.42 ±0.31 -232.6
La3+ 4.59 ±0.01 -26.20 ±0.06 -188.28 ±0.89 -543.6
Pr3+ 4.66 ±0.02 -26.58 ±0.11 -172.47 ±0.56 -489.3
Nd3+ 4.59 ±0.02 -26.20 ±0.11 -179.08 ±0.55 -512.8
Sm3+ 4.09 ±0.04 -23.36 ±0.22 -164.50 ±0.82 -473.4
Eu3+ 4.80 ±0.07 -27.37 ±0.38 -142.05 ±0.86 -384.5
Gd3+ 5.07 ±0.05 -28.91 ±0.29 -146.35 ±0.50 -393.9
Tb3+ 3.68 ±0.02 -21.02 ±0.13 -187.17 ±0.86 -556.7
Dy3+ 3.58 ±0.02 -20.46 ±0.09 -206.47 ±0.74 -623.9
Ho3* 3.89 ±0.01 -22.20 ±0.06 -143.13 ±0.44 -405.6
Er3+ 3.93 ±0.07 -22.43 ±0.42 -170.86 ±0.88 -497.8
Y b 3+ 4.39 ±0.07 -25.06 ±0.39 -156.46 ±0.15 -440.7
------------------ Classical Calorimetry--------------------------^
Y 3+ 4.41 ±0.10 -25.18 ±  0.55 -63.33±0.39 -128.0
Dy3+ 4.18 ±0.10 -23.84 ±0.58 -127.78 ± 1.79 -349.3
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Inpection of Table 6.8 shows that the values of the thermodynamic parameters 
reported for the complexation of Y 3+ and Dy3+ with L I obtained from titration 
microcalorimetry differ from those by classical calorimetry. This is due to the fact 
that slow kinetics were observed for the complexation process of the lanthanide 
cations and this ligand in acetonitrile as shown by conductance, potentiometric as well 
as calorimetric studies possibly due to the slow removal of the solvation shell of the 
highly charged lanthanide(III) cations. Therefore, classical calorimetry was not
suitable for measurements in these systems and this is clearly reflected in the ACH°
values which are a lot lower when measured using this technique compared with the 
values obtained by microcalorimetry. Furthermore relatively large error values in the 
thermodynamic parameters were obtained from classical calorimetry (see Table 6.8). 
These are illustrated clearly in the log U vs. log Ks curve for Y 3+ and L I (see Table 
B.16, in Appendix B) which exhibits two minima, reflecting a poorer fit between 
calculated and experimental data in this case. Titration microcalorimetry has the 
capacity of measuring heats associated with slow processes [2],[13] and hence it is 
able to follow the reactions up to their full completion.
Stability constants for the complexation of L I  with lanthanide cations in acetonitrile 
at 298.15 K were also obtained using potentiometry (section 6.1.2.3). Comparison of 
Tables 6.3 with Table 6.8 shows that good agreement is found between the two sets of 
data derived from the two independent methods. Thus, these data were combined and
the average logKs values were used in order to recalculate ACG° for these systems 
as shown in the following table.
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Table 6.9 Thermodynamic parameters o f complexation o f L l  and 
lanthanide(III) cations in acetonitrile at 298.15 K  determined by titration 
microcalorimetry and potentiometry.
Cation log K s
A ,G ° 
(kJ m o l1)
A CH °  
(kJ m o l1)
A CS°
(J K 1 m o l1)
Sc3+
4.49 ±0.03" 1 
4.42 ±0.06/
j-4.48 ±0.03 -25.55 ±0.15" -164.24 ±0.53fl -465.2
Y 3+ 4.3910.05"] 
4.45 ±0.07/
14.41 ±0.04 -25.17 ±0.23c -94.42 ±  0.3 l a -232.3
La3+
4.5910.01" j 
4.55 ±0.09* J
| 4.59 ±0.01 -26.20 ±  0.06" -188.28 ±0.89a -543.6
Pr3+
4.6610.02"] 
4.5910.04* J
j* 4.65 ±0.02 -26.52 ±0.10" -172.47 ±  0.56“ -489.5
Nd3+ 4.59 ±  0.02 -26.20 ±0.11" -179.08 ±0.55a -512.8
Sm3+
4.0910.04" 
4.1910.09* J
| 4.1110.04 -23.44 ±0.21" -164.50 ±0.82a -473.1
E u3+
4.8010.07" 
4.84 ±0.07* j
| 4.82 ±0.05 -27.51 ±0.28" -142.05 ±0.86a -384.2
Gd3+
5.0710.05"]
5.05±0.05*J
► 5.0610.04 -28.88 ±0.20" -146.35 ±0.50a -394.0
Tb3+
3.6810.02"]
3.6510.08*]
► 3.6810.02 -20.99 ±0.11" -187.17 ±0.86a -557.4
Dy3+ 3.58 ± 0.02 -20.46 ±  0.09" -206.47 ±  0.74a -623.9
H o3+ 3.89 ±0.01 -22.20 ± 0.06" -143.13 ± 0.44" -405.6
Er3+
3.9310.07"]
3.9810.06*]
► 3.9610.05 -22.60 ± 0.26" -170.86 ±0.88a -497.3
Yb3+
4.3910.07"]
4.3010.09*]
| 4.36 ±0.06 -24.86 ±0.31" -156.46 ±0.15a -441.4
a Microcalorimetric data. b Potentiometric data. " Calculated from the average of 
logLQ. values (calorimetric and potentiometric).
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On the basis of the enthalpy and entropy contributions to the Gibbs energy of 
complexation, the process can either be enthalpically ( \ACH j  > It AC*S°I) or
entropically ( [T ACS j  > |Ac/7 j  ) controlled. Hence, there are two possible
combinations of enthalpy and entropy in each case which may lead to favourable 
Gibbs energy (negative value) as shown below [7].
Atf i " < 0 < T A cS" 
for a process enthalpically controlled and
tr a cs°I > \a ch °
A CH°<0 < T  ACS° T
for a process entropically controlled.
A general analysis of the thermodynamic parameters in Table 6.9 shows that the 
complexation process is favoured in terms of enthalpy ( ACH°<  0 ) but not in terms of
entropy ( ACS°< 0) in all the above systems. The complexation process is therefore 
enthalpically controlled in all these cases.
The data in Table 6.9 show that similar ACG° values were obtained for L I and the
different cations studied in acetonitrile. A reasonable linear relationship was in fact
found when ACH°  values were plotted against ACS° as shown in Fig. 6.15.
Therefore these data suggest the presence of enthalpy-entropy compensation effects 
possibly due to solvent reorganisation upon complexation. These effects were
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discussed in detail by Grunwald and Steel [22]. The slope of this plot representing the 
experimental temperature (298 K) is 287 K, the correlation coefficient is 0.993 whilst
the intercept of the fitted line, ACG °, is -30.03 ± 3.32 kJ mol'1.
ACS° (J K‘1 mol’1)
Fig. 6.15 Plot o f A CH °  vs. A CS °  for the complexation o f lanthanide(III) cations 
by L I  in acetonitrile at 298.15 K.
According to Choppin [23], a good linear relationship is often found between the 
values of the enthalpy and entropy of complexation for the same ligand and the 
different lanthanides. This relationship reflects a compensation effect between the 
enthalpy and entropy changes suggesting solvation changes upon complexation. 
These effects cancel out and do not appear in the free energy term.
6.2.2.4. Complexation of lanthanide(lll) cations with p-tert- 
butylcalix[4]arene tetradiisopropylacetamide, L3, in 
acetonitrile at 298.15 K by titration microcalorimetry and 
classical calorimetry 
The complexation between p-terr-butylcalix[4]arene tetradiisopropylacetamide (L3) 
and lanthanide(III) cations was investigated in MeCN at 298.15 K, using titration 
microcalorimetry and classical (macro) calorimetry. The corresponding data are listed 
in Appendix B, Tables B.18-B.29 and B.30-B.32 respectively. These values were
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used in order to derive complexation data (stability constants and derived standard 
Gibbs energies, enthalpies and entropies) for these systems.
The calorimetric measurements involving L3 and lanthanide(III) cations reflected that 
the stoichiometry of the complexation process is 1:1, i.e., one ligand unit interacts 
with one unit of metal according to eqn. 6.68, a fact which is also supported by *H 
NMR studies discussed in chapter 4. Calorimetric data were therefore fitted into an 
assumed 1:1 binding model.
M3+ (MeCN) + L3 (MeCN) -H> M3+ L3 (MeCN) (6.68)
Table 6.10 reports log Ks values and derived Gibbs energies, ACG °, enthalpies,
ACH° and entropies, ACS° , for the complexation of lanthanide(III) cations with L3 
in acetonitrile at 298.15 K by titration microcalorimetry and classical calorimetry.
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Table 6.10 Summary o f the thermodynamic parameters for the complexation o f 
lanthanide(III) cations and L3 in acetonitrile at 298.15 K  by titration 
microcalorimetry and classical calorimetry.
Cation log/C
A CG° A CH °  A CS °
(kJ mol'1) (kJ mol'1) (J K '1 mol"1)
/  Microcalorimetry--------------------------- ^
Sc3* 3.7510.03 -21.4010.17 -100.6610.50 -265.8
Y 3* 4.9610.05 -28.3110.28 -70.8310.23 -142.6
Pr3+ 3.6710.06 -20.9510.34 -108.8810.71 -294.9
Nd3+ 3.8610.06 -22.0310.34 -90.8010.69 -230.7
Sm3+ 5.0910.04 -29.0510.23 -86.3910.30 -192.3
Eu3* 5.21 10.10 -29.7410.57 -72.8010.38 -144.4
Gd3+ 5.2410.09 -29.91 10.51 -79.1310.59 -165.1
Tb3+ 4.6610.06 -26.6010.34 -101.7710.39 -252.1
Dy3+ 4.6910.06 -26.7710.34 -69.0710.26 -141.9
Ho3+ 4.6310.09 -26.4310.51 -95.7510.50 -232.5
Er3* 4.2910.10 -24.4910.57 -81.2410.22 -190.4
Y b3* 3.7810.04 -21.5810.23 -83.7210.28 -208.4
^ ----------------- Classical Calorimetry-------------------------^
Sc3* 4.0410.16 -23.0610.91 -129.3510.91 -356.5
Tb3* 3.8810.19 -22.151 1.08 -103.3710.92 -272.4
Dy3* 4.0410.13 -23.0610.74 -108.3210.85 -286.0
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As already mentioned in section 6.2.2.3, lanthanide cations are generally strongly
solvated. ( A hydH ° values in the cases of lanthanide cations are generally higher
compared with those of alkaline-earth and alkali-metal cations [24]). Consequently 
they are more difficult to desolvate upon complexation resulting in slow binding 
processes.
When the classical titration calorimetric technique was employed for the study of the 
complexation process between the lanthanide cations and L3, due to the slow kinetics 
observed, the values of the thermodynamic parameters obtained differ from those 
obtained by microcalorimetry. For the latter, the more sensitive microcalorimetric 
system was used which being designed to follow the course of slow processes, is more 
suitable for these studies. This is also reflected in the smaller error values obtained in 
the thermodynamic parameters in the case of microcalorimetry when compared with 
the corresponding ones from classical calorimetry (Table 6.10). The complexation 
process involving the different lanthanide cations can be more accurately 
differentiated in terms of stability constant, Ks, values using titration 
microcalorimetry as shown in Table 6.10.
Inspection of the same table shows that in all cases, the favourable Gibbs energy of 
complexation is enthalpically controlled (negative ACH° values) since these 
processes take place with a loss of entropy.
As far as stability constants are concerned, data in Table 6.10 show that despite the 
small variation in the size of lanthanide cations as assessed by their ionic radii (r) 
(from Pr3+; r = 1.01 A to Yb3+; r = 0.86 A, the size variation is 0.15 A [25]), L3 is able 
to interact selectively with these cations. Indeed, there is a change in stability of 
about 1.6 log units between the weakest (lo gKs Pr3+L3 = 3.67) to the strongest 
(logX y Gd3+L3 = 5.24 s logX5 Eu3+L3 = 5.21) lanthanide complex. In fact, a plot 
of logXy values against the ionic radii (Fig. 6.16) shows a selectivity peak similar to
that observed for calix[4]arene ester, namely, ethyl p-tert-butylcalix[4]arene 
tetraethanoate, EtCalix[4], and alkali-metal cations in acetonitrile [26]. It should be 
pointed out that amongst alkali-metal cations, both ligands EtCalix[4] and L3 show
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the highest stability for sodium in acetonitrile [26]. In fact the ionic radius of this 
cation (0.99 A [27]) is very close to those of Gd3+ (0.94 A [25]) and Eu3+ (0.95 A
[25]) which are, as reflected in Table 6.10, the cations which form the most stable 
complexes with L3. A selectivity peak has also been observed for alkali-metal 
cations and other macrocycles such as the cryptands [7],[28].
Ionic Radius (A)
Fig. 6.16 Variation o f log K s with the ionic radius for some lanthanide(lll) 
complexes o f L3 in acetonitrile at 298.15 K.
Judging solely on stability constants (hence Gibbs energies of complexation) one may 
be prompted to conclude that the behaviour of L3 for tervalent cations is similar to 
that observed for related lower rim calix[4]arene derivatives as well as other 
macrocyclic ligands and alkali-metal cations. However, when the thermodynamic 
origin of complex stability as assessed from the enthalpy and entropy associated with 
these processes is considered, dramatic differences are observed. Thus, for alkali- 
metal cations and some calix[4]arene derivatives [26], the complex stability results 
from maximum exothermicity accompanied by the greatest entropy loss, while for 
lanthanide(III) cations and L3 the behaviour is strikingly different. Fig. 6.17 shows 
the variation of enthalpy of some lanthanide(III) complexes of L3 in acetonitrile with 
the cation radii. Amongst these cations the maximum exothermicity (and the greater 
loss of entropy) is observed for the largest cation (Pr3+). There is an enthalpy
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decrease in moving from Pr3+ to Dy3+ accompanied by an entropy gain. From Dy3+ to 
Yb3+ the pattern observed is quite irregular.
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Fig. 6.17 Variation o f A CH° with the ionic radius for some lanthanide(III) 
complexes o f L3 in acetonitrile at 298.15 K.
6.2.2.5. Complexation of some lanthanide(lll) cations with
[tetrakis(N,N-diethylaminoethyl)oxyl]p-tert-butylcalix[4]arene, 
L2, in acetonitrile at 298.15 K by titration microcalorimetry
Tables B.33-B.35 in Appendix B, show titration data and results of calculations for 
the determination of Ks and ACH° for the titrations of [tetrakis(AQ/V-
diethylaminoethyl)oxyl]p-te7?-butylcalix[4]arene (L2) with scandium, yttrium and 
terbium in acetonitrile (MeCN) at 298.15 K. These titrations were canied out to an 
excess of more than 2 to 1 (M:L) molar ratio in order to study 2:1 complexation 
reactions.
The titrations were performed with the macrocycle in the reaction vessel due to its 
low solubility as explained in section 6.2.1.7. Additional runs were performed 
however in which the titrant and titrate were exchanged, i.e., L2 was titrated into the
Dy 
Y ♦ Eu♦♦
Er
Yb ♦
♦ Gd
♦ ^Sm
♦
Sc Ho +
Nd
♦ Tb^
Pr
♦
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cation in order to verify the calculated values of logXs and ACH° obtained from 
each experiment. Reversing the position of host and guest in the reaction vessel did 
not however give rise to any significant changes in the values of logK5 and ACH° 
determined in each case (values agreed within limits of experimental error).
One of the problems encountered regarding these systems was the low solubility of 
the resulting complexes in the majority of organic solvents available. Attempts to 
obtain calorimetric data for other tervalent cations in the lanthanide series led to 
precipitation during the thermometric titrations whilst decreasing concentrations 
resulted in the production of small amounts of heats making the values of the 
thermodynamic parameters significantly uncertain.
Fig. 6.18 shows a plot of potential versus time for a calorimetric titration curve 
characteristic of a two step complexation process, corresponding to the titration of L2 
with terbium in acetonitrile at 298.15 K (about 29 hours reaction period). A change in 
the curvature of the differential thermometric plot is observed after the 1:1 M:L ratio 
is observed. The exact shape of the curve is determined exclusively by the values of
the four thermodynamic parameters ( log K s^ , AcHj°, logK52 and ACH2°). This is
consistent with what has been stated in the introduction of section 6.2 regarding the 
dependence of the curvature of thermograms on the (overall) values of Ks and ACH 
as well as with what is observed in sections 6.2.2.3 and 6.2.2.6 for 1:1 M:L 
complexes. Similar titration graphs were obtained for the rest of the systems studied.
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T i m e  ( h o u r s )
Fig. 6.18 Plot o f potential vs. time for the microcalorimetric titration o f L2 with 
terbium in acetonitrile at 298.15 K.
The calorimetric data reported in Tables B.33-B.35 are consistent with a model 
assuming 2:1 metal ion - ligand interaction. This stoichiometry is also corroborated 
by ]H NMR as well as conductance data involving these systems (see chapters 4 and 5 
respectively).
Table 6.11 lists values for the thermodynamic parameters (logX S), AcGn° , AcHn°
and AcSn° ) for the stepwise interaction of L2 with scandium, yttrium and terbium in
acetonitrile at 298.15 K. The thermodynamic data were calculated as outlined in 
section 6.2.1.6 on the basis of a 2:1 metal-ion : ligand complex formation represented 
by the following equations.
M 3+ (MeCN)+ L2 (MeCN) -> M 3+L2(MeC/V) (6.69)
M 3+ L 2 (MeCN) + M 3+(MeCN) -> M 3+L2(M<?CiV) (6.70)
Hence, in Table 6.11, logX5i, A ^ 0, ACH {  and ACS {  refer to the reaction shown
in eqn. 6.69 whilst logK^, ACG2°, ACH 2° and ACS2° refer to the reaction
represented by eqn. 6.70. The small error values obtained for logK^ and AcHn° 
(Table 6.11) further support the assumed binding model.
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In order to verify the validity of the estimated values of the thermodynamic 
parameters obtained by the non-linear minimisation algorithm used, an exhaustive 
search of the configuration space was carried out, i.e., U was evaluated for every 
possible pair of K s^ and Ks within the given range and this is illustrated by the iso­
contour diagrams in Figs. 6.19 and 6.20. Hence these figures show plots of logU 
versus the assumed values of log Ks. and log Ks, (in the vicinity of the solution) for
each one of the titrations involved in the present study. In these figures the contour 
lines represent the different values of log U (some values are marked on these 
diagrams), whilst the minimum value of U is represented by the position of the inner 
circle present in each plot.
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log K2
(a) Scandium above (b) Yttrium below
log K2
Fig. 6.19 Plot o f log U vs. assumed values o f logXSj and logXs for the
microcalorimetric titration o f L2 with scandium (a) and yttrium (b) in 
acetonitrile at 298.15 K.
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log K2
Fig. 6.20 Plot o f log U vs. assumed values o f logASj and logKSz for the 
microcalorimetric titration o f L2 with terbium in acetonitrile at 298.15 K.
Inspection of Table 6.11 shows that complexation for all systems studied is stabilised 
by a decrease in enthalpy while the entropy change has a destabilising effect in 
accordance with what is already being observed in the previous sections.
As reflected in the data shown in Table 6.11, the values of log A/ and logX5 for
Y 3+ and Tb3+ appear to be very close making their differentiation very difficult. In 
fact logXs values appear slightly larger than log Ks values (4.70, 5.13 for Y3+ and
3.77, 4.15 for Tb3+) which is not usual in metal complex formation. This is not true 
for Sc3+ however in which case there is a more pronounced difference between
logX5] (5.24) and logX5 (4.41) although -  ACH2° is larger than -  AcH f . In the
case of Y 3+ the closeness of these values was also suggested from conductance data 
(see chapter 5).
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The following description is proposed in order to account for the anomaly associated 
with the determined logK^ and ~ACH 2° values being greater than logK^ and
- A CH {  respectively in some of the systems studied. After the formation of the 1:1
ligand:metal cation complex, further addition of lanthanide ions would inevitably 
require rearrangement of the 1:1 complex to allow entrance of the second cation, 
which is not considered in the model (for further discussion see *H NMR 
complexation experiments, described in chapter 4). There is therefore an intermediate 
process associated with this type of complexation which may involve the first metal 
cation penetrating further into the cavity in order to facilitate the entrance of the 
second cation, the thermodynamic consequences of which being reflected in the
unusually high values of log Ks^ and ACH 2° .
It should also be noted that although the quoted error values in Table 6.11 are 
relatively small, they only represent the uncertainties for the calculated values of K s^ ,
K s^ , ACH {  and ACH2° assuming error free measurements. All non-linear least-
squares techniques assume that the noise in the measurements is normally (Gaussian) 
distributed with a mean value of zero and a constant uncertainty for each point. In the 
case of the microcalorimeter used, the injection volume is fixed in each experiment. 
This results in experimental values of Q with a relatively small error at the first steps 
of the reaction, but with consistently increasing errors at the end of the reaction when 
<2 is smaller. This is a typical example of systematic error. To summarise, it is 
usually very difficult to obtain accurate values for all thermodynamic constants in the 
case of binding reactions more complex than 1:1 equilibria, especially in the case 
where the values of these parameters appear to be very close as observed in the 
present study. Christensen and Izatt [29],[30] have evaluated the applications of 
calorimetry to the simultaneous determination of equilibrium constants and enthalpy 
changes for reactions in solution. Their comprehensive studies showed that even 
complicated processes such as stepwise formation of metal complexes can be 
successfully and confidently handled by titration calorimetry. When multiple 
equilibria are studied however, very favourable ACH and Ks are required since the 
results become less quantitative as the number of reactions considered increases.
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6.2.2.6. Calorimetric titration experiments involving three 
calix[4]arene derivatives, p-tert-butylcalix[4]arenetetra 
ethanoate, L4, 5, 11, 17, 23-tetra-tert-butyl[25, 26, 27, 28- 
tetrakis(2-pyridylmethyl)oxy]calix[4]arene, L5 and [tetrakis(1- 
methylene benzotriazole)oxyl]p-tert-butylcalix[4]arene, L6 and 
yttrium in acetonitrile at 298.15 K by microcalorimetry
The complexation between yttrium and three calix[4]arene derivatives {p-tert- 
butylcalix[4]arenetetraethanoate (L4), 5, 11, 17, 23-tetra-terf-butyl[25, 26, 27, 28- 
tetrakis(2-pyridylmethyl)oxy]calix[4]arene (L5 ) and [tetrakis(l-methylenebenzo 
triazole)oxyl]p-/<?r/-butylcalix[4]arene (L 6 )} was investigated in acetonitrile (MeCN) 
at 298.15 K using titration microcalorimetry. The data are listed in Appendix B, 
Tables B.36, B.37 and B.38 respectively.
Thermodynamic data involving the above systems were calculated assuming a one- 
step binding model since a 1:1 stoichiometry was obtained from calorimetric 
measurements and further verified by conductance data (see chapter 5).
Table 6.12 lists the values for the thermodynamic parameters logAT^, ACG° , ACH°
and ACS° for the complexation of yttrium with L5 and L6 in acetonitrile at 298.15 K 
obtained from titration microcalorimetry.
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Table 6.12 Thermodynamic parameters for the complexation o f yttrium with L5 
(shown in the first row) and L6 (second row) in acetonitrile at 298.15 K  by 
microcalorimetry.
Ligand log K s &cG ° K H ° K s °
(kJ mol'1) (kJ mol'1) (J K '1 mol'1)
3.05 ±0.03 -17.41 ±0.17 -60.47 ±0.43 -144.4
2.71 ±0.02 -15.47 ±0.11 -25.25 ±0.47 -32.8
A general analysis of the thermodynamic data reported in this table results in the same 
combination of ACH° and ACS° already observed in the previous sections, i.e., the
complexation process is enthalpy stabilized (A CH ° < 0) and entropy destabilized
(A CS° < 0).
A small decrease in stability is observed for the yttrium cation when complexed with
L6 with respect to L5 in this solvent, which is also reflected in the ACH° value (less
exothermic reaction in the former case). This decrease in stability reflected by a more
positive ACG° value for [Y(III)L6] with respect to [Y(III)L5], could be attributed to
the presence of an extra ring in the L6 ligand which increases the rigidity and 
decreases the cavity size relative to L5. In terms of entropy, the destabilising effect
(A CS° more negative) is higher for L5 relative to L6. In fact, for the two ligands, a
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more favourable enthalpy (more exothermic process) results in a more negative 
entropy. Thus, these data provide good examples of incomplete enthalpy-entropy 
compensation effects, similarly with what has been observed in the complexation of 
L I  with the different lanthanide cations in the same solvent.
As far as the thermodynamic parameters for the complexation of yttrium with L4 are 
concerned, the calculated values of logX5, and ACH° are 1.71 and -318 kJ mol'1 
respectively. Generally speaking for reactions with Ks values lower than 102, very 
little reaction takes place (i.e., the percentage of the complex formed is very small). 
Therefore a huge extrapolation is needed in order to calculate ACH° and this will 
give erroneous results, a fact which is reflected in the above calculated value of
The very small value of the stability constant in this case is also suggested by Fig. 
6.21 which illustrates a plot of potential versus time for the microcalorimetric titration 
of L4 with yttrium in acetonitrile at 298.15 K. A very gradual decrease of potential 
and therefore of the gross heat is observed with time indicating a very weak 
interaction.
5000 -
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T i m e  ( h o u r s )
15 20
F ig . 6.21 P lo t  o f  p o ten tia l vs. t im e  fo r  th e  m ic ro c a lo r im e tr ic  t itra t io n  o f  L 4  w ith
y ttr iu m  in  a c e to n itr ile  a t 298.15 K .
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6.2.2.7. Complexation of some lanthanide(lll) cations with 5, 11, 
17, 23-tetrakis-(1, 1-dimethylethyl)-25, 27-bis[2-(methylthio) 
ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, LI, 
[tetrakis(N, N-diethylaminoethyl)oxyl]p-tert-butylcalix[4]arene, 
L2 and cryptand 222, L7, in N,N-dimethylformamide at 
298.15 K by microcalorimetry
The microcalorimetric titration technique was used in order to determine 
thermodynamic parameters of complex formation between some lanthanide(III) 
cations and two calix[4]arene derivatives {5, 11, 17, 23-tetrakis-(l, 1-dimethylethyl)- 
25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy] calix[4]arene 
(L I )  and [tetrakis(Ar,A-diethylaminoethyl)oxyl]p-^r(-butylcalix[4] arene (L2 )} as 
well as cryptand 222 (L7 ) in A,A-dimethylformamide at 298.15. The four channel 
heat conduction microcalorimeter was used for this purpose. Titration 
microcalorimetry was the technique used since A,V-dimethylformamide is known to 
be a very powerful solvating medium and in this solvent, the kinetics of complexation 
are even slower when compared with acetonitrile. Furthermore, much smaller heats 
were observed in the former solvent and these could only be successfully measured 
with the use of the more sensitive microcalorimetric technique. Results of
calculations to determine K s and ACH° from titration calorimetric data are given in
Appendix B, Tables B.39-B.56.
Since both calorimetric measurements and ]H NMR studies (see chapter 4) suggested 
that these systems are associated with 1:1 complex formation, complexation data were 
calculated on the basis of a 1:1 ligand : metal-ion ratio.
Table 6.13 lists the thermodynamic parameters of complexation (lo g& 5, ACH ° ,
ACG° , and ACS°)  between some lanthanide(III) cations and L I ,  L2 and L7 in N,N- 
dimethylformamide at 298.15 K.
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Table 6.13 Summary o f the thermodynamic parameters for the complexation o f 
some lanthanide(III) cations and L l ,  L2 and L7 in DM F at 298.15 K.
Cation log K s
A CG° 
(kJ mol"1)
A CH °  
(kJ mol"1)
A CS°
(J K 1 mol"1)
.......... ........ :....  A  A  \
j  V
Sc3+ 3.19 ±0.10 -18.21 ±0.56 -84.31 ±0.42 -221.7
y 3+ 2.73 ± 0.08 -15.58 ±0.46 -6.26 ± 0.47 31.3
Eu3+ 3.32 ±0.08 -18.95 ±0.45 -19.69 ±  0.29 -2.5
Gd3* 3.28 ±0.09 -18.72 ±0.50 -19.43 ±0.56 -2.4
Tb3+ 3.28 ±0.08 -18.72 ±0.45 -6.76 ± 0.21 40.1
Yb3+ 3.51 ±0.08 -20.03 ±  0.46 -16.28 ±0.52 12.6
C T
Sc3+ 3.71 ±0.07 -21.18 ±0.41 -84.54 ±0.59 -212.5
y 3+ 3.24 ±0.07 -18.49 ±0.40 -15.95 ±0.42 8.5
Eu3+ 3.39 ±0.11 -19.35 ±0.62 -29.53 ±0.74 -34.2
Gd3* 3.32 ±0.07 -18.95 ±0.40 -33.76 ±0.39 -49.7
Tb3+ 3.18 ±0.07 -18.15 ±0.41 -20.13 ±0.56 -6.6
Yb3+ 3.61 ±0.09 -20.60 ± 0.53 -16.78 ±0.34 12.8
/ /■v  V  \
°w °
Sc3+ 3.31 ±0.10 -18.89 ±0.56 -57.94 ±0.64 -131.0
Y 3+ 2.77 ±  0.07 -15.81 ±0.40 -2.89 ± 0.37 43.3
Eu3+ 3.28 ±0.10 -18.72 ±0.57 -29.57 ±0.82 -36.4
Gd3+ 3.29 ±0.08 -18.78 ±0.45 -23.47 ±0.42 -15.7
Tb3+ 3.08 ±0.05 -17.58 ±0.29 -18.08 ±0.67 -1.7
Y b3+ 3.15 ±  0.11 -17.98 ±  0.63 -15.49 ±0.69 8.4
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Complex formation between a macrocyclic ligand and a metal cation in solution 
involves a competition between the ligand and the solvent for the free cation. If the 
metal cation is well solvated in a given solvent (strength of solvation depending upon 
the nature of the solvent and the cation concerned), it will be more reluctant to enter 
complexation with the ligand. The binding properties of a ligand therefore depend 
very much on the medium where the complexation process takes place.
Dipolar aprotic solvents containing oxygen atoms with localised negative charges (i.e. 
A,Y-dimethylformamide or dimethylsulphoxide) are relatively basic and therefore are 
expected to solvate cations relatively well. Hence, A,/V-dimethylformamide offers a 
poor complexation medium for macrocyclic ligands and lanthanide cations since it is 
expected to be a very good solvator for these cations [7],[24]. From this discussion it 
is reasonable to assume that the interaction between lanthanide cations and 
calix[4]arenes or cryptands is likely to be stronger in acetonitrile than in N,N- 
dimethylformamide. Comparison between the complexation data in Tables 6.9, 6.11 
(acetonitrile) and Table 6.13 (A,A-dimethylformamide) supports this interpretation. 
Stability constants of the 1:1 lanthanide(III) complexes of cryptand 222 in acetonitrile 
reported by Danil de Namor et al. [31] (logX 5 being between 10.81 and 11.65) and
their comparison with corresponding data in A,A-dimethylformamide listed in Table 
6.13 further support this explanation. The decrease in stability observed for these 
systems in Y,A-dimethylformamide with respect to acetonitrile is also reflected in
ACH° (more negative in acetonitrile which means that the process is enthalpically
more stable in this solvent) as well as ACG° (more negative and therefore more 
favourable in acetonitrile).
No significant differences are observed in the logX5 (and therefore ACG °) values for
a given macrocyclic ligand and the lanthanide cations studied in N,N- 
dimethylformamide (see Table 6.13). A lack of metal ion selectivity has also been 
observed for lanthanide cryptates in solvents such as water [32], dimethylsuphoxide
[33], propylene carbonate [34],[35], acetonitrile [31] and methanol [36]. As far as 
calixarenes are concerned a limited number of derivatives have been tested and very
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few thermodynamic data are indeed available in the literature so as to allow us to 
draw reliable conclusions regarding selectivity. Similar stabilities are also observed 
for all three macrocycles in their complexation reaction with lanthanides in N,N- 
dimethylformamide (see Table 6.13). Hence, stability constant data in this solvent do 
not reflect any ligand selectivity for these cations which is the opposite to what has 
been observed in acetonitrile.
The similarity of ACG° values observed for the systems studied in N,N-
dimethylformamide leads to reasonable linear relationships when plotting ACH°
against ACS° for the complexation of the different lanthanide(III) cations by L l ,  L2 
and L7 in this solvent as shown in Figs. 6.22, 6.23 and 6.24 respectively. The values 
of the intercepts of these plots in kJ mol"1 are the following. -18.36 ± 0.70 for L l ,  
-19.03 ± 0.49 for L2 and -17.64 ± 0.40 for L7 whilst the values of the slopes 
representing the experimental temperature 298 K are 298, 307 and 312 K respectively. 
Accordingly, these data provide good examples of enthalpy-entropy compensation 
effects similarly to what was observed for the complexation of lanthanide(III) cations 
and L l  in acetonitrile (see section 6.2.2.3).
-2 50  -200 -150 -100 -50 0 50
ACS° (J K‘1 mol'1)
Fig. 6.22 Plot o f A CH °  vs. A CS °  for the complexation o f lanthanide(III) cations 
by L l  in .Y,A -dimethylformamide at 298.15 K.
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ACS° (J K'1 mol j
Fig. 6.23 Plot o f A c/7° vs. A CS °  for the complexation o f lanthanide(III) cations 
by L2 in /V,N-dimethylformamide at 298.15 K.
ACS° (J K'1 mol j
Fig. 6.24 Plot o f A CH °  vs. A CS °  for the complexation o f lanthanide(III) cations 
by L7 in AyV-dimethylformamide at 298.15 K.
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Inspection of Tables 6.9, 6.11 and 6.13 reveals that there is an entropy gain in N,N- 
dimethylformamide with respect to acetonitrile associated with the complexation 
reaction between lanthanide cations and the macrocyclic ligands studied. In the case 
of cryptands it is well established that the solvation of the cation plays the 
predominant role in the complexation process in dipolar aprotic media. Assuming 
that this is also valid in the case of lanthanide(III) cations, the difference in entropy in 
the complexation process involving cryptand 222 is associated with the state of 
solvation of the cation in the solvent. Consequently the results obtained reflect that 
these cations are more heavily solvated in A,ALdimethylformamide than in 
acetonitrile. The release of solvent molecules from cations during the complexation 
process should therefore be greater in the former solvent than the release of solvent 
from cations in acetonitrile and this may account for the entropy gain observed in 
Y,/V-dimethylformamide.
In the complexation process between metal(I) cations and cryptand 222 in dipolar 
aprotic media, Danil de Namor and co-workers [37]-[39] have shown, from a linear 
correlation between the entropies of complexation and the entropies of cqtion 
solvation, that these cations lose their solvation shells completely when entering the 
cavity of the cryptand. If the lanthanide cations are fully desolvated in the 
complexation process with cryptand 222 in Y,Y-dimethylformamide, an increase in
ACS° is expected along the series from Eu3+ to Yb3+ since smaller cations have very
high charge densities and are therefore more solvated than the larger ones (bearing in 
mind the decrease of the lanthanide cation size along the series). A variation in 
entropy with the atomic number suggests that the cation retains part of its solvation 
shell in the complexes indicating possible interactions between complexed lanthanide 
and the medium.
6.2.2.8. Final remarks regarding complexation data
The thermodynamic data reported in sections 6.2.23-6.2.2.1 show that
i) Lanthanide(III) cations form 1:1 complexes in acetonitrile with the following 
ligands: 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methylthio)
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ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene, L I ,  p-tert- 
butylcalix[4]arene tetradiisopropylacetamide, L3, p-tert- butylcalix[4] 
arenetetraethanoate, L4, 5, 11, 17, 23-tetra-terf-butyl [25, 26, 27, 28-tetrakis(2- 
pyridylmethyl)oxy]calix[4]arene, L5 and [tetrakis(l-methylene benzotriazole) 
oxyl]p-terf-butylcalix[4]arene, L6. In the case of [tetrakis(AfyV-diethyl 
aminoethyl)oxyl]p-terLbutylcalix[4] arene, L2, two cations are taken up per 
unit of ligand in this solvent.
ii) Both L I  and L2 have similar structures and the same number of donor atoms. 
They only differ through the substitution of the two aliphatic tertiary amine 
groups by the two methylthioether pendant groups. The large difference in 
stability constants between these ligands in acetonitrile could be (at least 
partly) attributed to the presence of the extra nitrogen atoms which, due to 
their high polarizability, are able to satisfy the demands of the hard, polarizing 
lanthanide ions. The softer sulphur donor atoms present in L I  obviously have 
a lower affinity for hard cations
iii) L I  and L3 form complexes of similar stability constants in acetonitrile whilst 
the enthalpic stability is higher for L I  relative to L3 in this solvent. Although 
L3 has a higher number of donor atoms all of which are efficient complexing 
agents for lanthanide cations (oxygen and nitrogen atoms) relative to L I ,  the 
presence of the isopropyl groups in its lower rim (which are bulkier than the 
methyl and ethyl groups in L I )  contribute unfavourably to the complex 
stability in this case. The difference in enthalpic stability could be explained 
on the basis of a higher degree of ‘preorganization’ of L I  with respect to L3 
prior to complexation. It was explained in the *H NMR complexation 
experiments (chapter 4) that according to X-ray studies on p-tert- 
butylcalix[4]arene tetraacetamide (whose structure is very close to L3) L3 is 
believed to be more ‘preorganized’ for complexation compared with the 
tetraester ligand. However, assuming that the ligand keeps the same structure 
in solution as in the solid state, a rotation of the CO groups inwards the cavity 
towards the metal cation is still necessary since in the X-ray structure of the 
uncomplexed ligand [40] two opposed carbonyls have diverging orientations
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(see also molecular modelling studies, chapter 3). This CO movement is 
reflected in the large upfield shift observed by the CH2CON protons in our 
studies as well as similar studies reported by Ungaro and co-workers [40] 
involving p-tert-butylcalix[4]arene tetraacetamide and alkali cations. The 
consequences of the energy cost required for achieving converging 
orientations of all binding sites towards the metal cation are reflected in the
less negative A CH° values observed in the case of L3. The more positive
entropies of complexation, A CS° , found for L3 relative to L l  may indicate a)
a greater desolvation of L3 upon complexation which leads to an increase in 
disorder because more free solvent molecules are released. This is in 
agreement with what has been reported by Wipff et al. [41] regarding the 
solvation of p-te/t-butylcalix[4]arene tetraacetamide in acetonitrile based on 
molecular dynamics studies carried out in this solvent. According to their 
findings, all carbonyls are well solvated in this solvent with each amidic 
oxygen interacting with the methyl groups of three acetonitrile molecules, b) 
Greater solvation of the L l  complexes relative to the L3 ones since this would
result in a decrease of the disorder of the system, hence more negative ACS°
in the first case. This assumption seems rather reasonable because L l  
complexes are expected to be more exposed to solvent molecules relative to 
the corresponding ones of L3 due to the absence (or very little ) interactions 
between the soft sulphur atoms and hard lanthanide ions which is in fact what 
was observed in the *H NMR complexation experiments.
iv) L4, L5 and L6 form complexes of relatively low stability constants with 
lanthanide(III) cations in acetonitrile. Although L5 and L2 have the same 
type and number of donor atoms the large difference in stability constants 
between the two ligands could be attributed to the fact that the pyridine 
substituent is a very much weaker base than the aliphatic tertiary amine group. 
In the case of pyridine, the electron pair is drawn closer to the nitrogen nucleus 
and held more tightly by it thereby becoming less available for interacting 
with a cation [42]. Steric crowding between the lower rim substituents in the 
case of L5 could also contribute to the formation of less stable complexes.
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The low stability constant found in the case of L6 is rather surprising since this 
ligand has the highest number of donor atoms amongst all macrocycles tested. 
A possible explanation could lie in the presence of the four benzotriazole rings 
which inevitably increase the rigidity of the molecule making it less flexible 
for complexation.
The weakest interaction in acetonitrile is found in the case of L4 ( log K s < 2)
which is the only ligand tested lacking mixed donor atoms (in fact nitrogen 
atoms). It should also be noted that calix[4]arene esters are expected to form 
less stable complexes with the lanthanide cations than the amide derivatives 
due to the lower a donating ability of the carboxyl substituents in the former 
relative to the latter [43],
v) From the above discussions it follows that in acetonitrile, stability constants 
are ligand - dependent. The strength of complexation follows the sequence
L2 > L I  = L3 > L5 > L6 > L4
vi) The interaction between macrocyclic ligands and lanthanide(III) cations is 
much weaker in A,Y-dimethylformamide relative to acetonitrile since low 
stability constants were obtained in all cases in the former solvent. This was 
expected from the solvating properties of the two solvents. The most striking 
example of the medium effect on the complexation process in the two solvents 
is demonstrated in the case of L2 which forms 2:1 metal cation : ligand 
complexes in acetonitrile whilst only one cation interacts per unit of ligand in 
7V,A-dimethylformamide. Specific DMF - L2 interactions are believed to take 
place as suggested by the variations in the ASH values of L2 with 
concentration in this solvent which are discussed in the following chapter. 
Furthermore, molecular modelling studies have also indicated that the 
interaction between the hydrophobic cavity of L2 and DMF is a lot greater 
than that with acetonitrile (see chapter 3).
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vii) The complexation process is enthalpy favoured in both solvents possibly due 
to the strong electrostatic (ion-dipole) interactions between the tervalent 
cations and the donor atoms of the ligands. This process is entropy 
unfavoured in all cases in acetonitrile.
viii) In the case of A^A-dimethylformamide, stability constants obtained are 
independent of the ligand and the cation.
A detailed interpretation of the complexation process in solution however requires 
information on the differences in solvation of the host, the guest and the resulting 
complex in the appropriate solvents. The information provided in this chapter 
regarding complex stability, enabled the isolation of some lanthanide complexes in 
the cases where these were stable enough. The next chapter deals with the solution 
thermodynamics of the species participating in the complexation process, i.e., the 
ligand and the free and complexed cation.
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C H A P T E R  7
S O L U T IO N  C A L O R IM E T R Y
Reaction calorimeter deals with a wide range o f experimental ar eas (including solute- 
solvent interactions and ligand binding processes) in which enthalpy changes for a 
chemical reaction or a solution process are determined.
The determination o f the enthalpy change, AH , for a dissolution process involves the 
measurement o f the ‘heat o f  solution’ under conditions o f constant pressure.
Deriving solution calorimetry data is o f particular importance since they provide 
valuable information on solute-solvent interactions as well as the intermolecular 
forces in pure compounds. They also play an important role in the binding process in 
solution as the thermodynamics o f this process largely depends on the solvation o f the 
reaction components [1],[2]. Therefore, in order to study the thermodynamics o f 
complex formation o f calix[4]arene derivatives and lanthanide cations in solution we 
need to determine the standard enthalpies o f solution o f the macrocyclic ligands (L ),  
the lanthanide salts (M X j)  and their complexes (M L X 3) in a solvent (s ) according to 
the processes represented in eqns. 7.1-7.3.
L {sol.)  > L {s) C 7 - 1 )
I
M X 3(so;. ) -» M 3+W + 3 (7.2)
M L X :3 U o L )---- -> M 3* L (s) + 3X - (S) (7.3)
Determination o f the enthalpies o f  solution o f a compound in two different solvents 
allows the enthalpy transfer, A tH ° , from a reference solvent to another to be derived, 
which reflects changes in the interactions between solute and solvent, without any 
contribution from the intermolecular forces present in the pure compounds.
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Lastly, standard enthalpies o f solution o f the species participating in the binding
process are required for the calculation o f the enthalpies of coordination, A coordH ° ,
of the lanthanide salts (M X 3) with the appropriate ligand (L), to give the new
complexed species in the solid state (eqn. 7.4). Thus, useful information will be 
provided regarding the enthalpy associated with this process referred to reactants and 
products in their pure physical states (solid or liquid).
L  (soL) + M X 3 Ac° C T °  »  M L x 3 (7.4)
This chapter aims to investigate thermodynamic aspects of solution o f the species 
participating in the complexation process between calix[4]arene derivatives and 
lanthanide cations. In doing so, the following enthalpy measurements have been 
undertaken:
i) Standard enthalpies o f solution of lanthanide(III) trifluoromethanesulfonate
salts in acetonitrile and Y,A~dimethylformamide at 298.15 K.
ii) Standard enthalpy of solution o f [tetrakis (N, N-diethylaminoethyl)oxyl]p-Z<?rt-
butylcalix[4]arene in A,A-dimethylformamide at 298.15 K.
iii) Standard enthalpies o f solution o f lanthanide(III) complexes o f 5, 11, 17, 23-
tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2- 
(diethylamine)ethoxy]calix[4]arene in acetonitrile at 298.15 K.
Since all enthalpy measurements in this work were earned out calorimetrically, some 
basic concepts o f calorimeters are now discussed.
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7.1. EXPERIM ENTAL PROCEDURES
7.1.1. Calorimetric principles
Calorimeters, which are instruments for the measurement o f heat quantities or heat 
effects, were first employed as scientific instruments in the end of the 18th century 
often for the investigation o f life processes (for example Crawford, Lavoisier and 
Laplace measured heat quantities associated with animal respiration in 1780) [3].
A  large number of different calorimeters have now been designed for use in chemistry 
and biology. These are o f two main types, adiabatic and heat conduction 
calorimeters.
A d ia b a tic  calorim eters. There is no net heat exchange between the calorimetric 
vessel and the surroundings in this type o f calorimeter. The heat quantity, q, absorbed 
or evolved during an experiment, assuming perfect insulation, is thus directly 
proportional to the measured temperature change, AT:
q - E  A T  (7.5)
Ideally, the calibration constant, £, is identical to the heat capacity o f the vessel and its 
content.
Thermometer 
Insulation 
Reaction Vessel 
Adiabatic Shield 
Thermostated Bath
Fig. 7.1 Principle design of an adiabatic calorimeter.
Adiabatic conditions are usually obtained by placing an ‘adiabatic shield’ between the 
calorimeter vessel and the thermostated bath (see Fig. 7.1). This shield usually
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consists of a metal envelope with a heater winding wound over its surface. The 
temperature difference between the shield and the vessel is kept at zero during the 
entire calorimetric measurement and therefore no net heat exchange occurs.
Adiabatic calorimeters are suitable for slow reactions.
Semi-adiabatic instruments, often called ‘isoperibolic calorimeters’ or ‘constant 
temperature environment calorimeters’ , are more commonly used than the adiabatic 
ones. A  principle design is shown in Fig. 7.2. In these instruments, the heat exchange 
with the surroundings is significant and a corrected value for the temperature change 
should be used through evaluations made by the methods described in section 7.1.4. 
Isoperibol calorimeters are suitable for fast processes.
Both types of calorimeters mentioned measure temperature changes.
Thermometer 
Insulation 
Reaction Vessel 
Thermostated Bath
Fig. 7.2 Principal design of an isoperibolic calorimeter.
H eat conduction calorim eters. The heat evolved or absorbed in the reaction vessel is 
allowed to flow to a surrounding ‘heat sink’ , usually an aluminium block. The heat 
flow is recorded by a thermopile (consisting o f one or more semiconducting 
thermocouple plates) positioned between the vessel and the surrounding ‘heat sink’ 
(see Fig. 7.3).
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Reaction
Vessel
Thermopile
Heat Sink
Fig. 7.3 Schematic picture of a section through a thermopile heat conduction 
calorimeter.
The temperature difference between the calorimetric vessel and the ‘heat sink’ , gives 
rise to a proportional voltage signal, U, over the thermopile (see Fig. 7.3). 
Tian’ s equation (eqn. 7.6) gives the thermal power, P, developed in the vessel as a 
function o f U,
P  =  e [ U + T ( d U / d t ) ]  (7.6)
where P = d q /d t  is the rate o f heat production, £ is the calibration constant, t  is the 
time constant of the instrument and d U /d t  is the time derivative o f the voltage signal. 
The heat quantity released or absorbed in the vessel is given by the potential time 
integral shown in eqn. 7.7.
q = £ jU d t  (7.7)
With these calorimeters it is thus voltage (a property proportional to the heat flow) 
which is measured.
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In this part o f the work standard enthalpies o f solution were obtained using the Tronac 
450 calorimeter which is o f the isoperibol type. Description of this calorimeter now 
follows.
7.1.2. The Tronac 450 Calorimeter
The Tronac 450 calorimeter is one o f the commercial versions o f the solution 
calorimeter originally designed by Christensen and Izatt [4]. In this part o f the work it 
was used as a conventional solution calorimeter in order to carry out enthalpy 
measurements. It consists o f two main units, i) the calorimeter assembly and ii) the 
electronic assembly.
The former consists o f a well insulated thermostatic bath with a capacity of 50 dm3 o f 
water. The motor driven stirrer, cooled heater assembly and the precision temperature 
controller, (see Fig. 7.4), ensure that the bath temperature is maintained at 298.15 ± 
0.01 K. Water is circulated from an external cooling system. The calorimeter is 
equipped with a glass vacuum Dewar reaction vessel (50 ml) and a stainless steal 
stirring blade which is connected to the ampoule holder. Upon releasing the plunger 
(positioned on the stirring blade unit) by the burette-ampoule switch, the glass 
ampoule is crushed.
The electronic assembly consists o f a Wheatstone bridge, heater circuit with variable 
heating rates and power supply. The thermistor inside the calorimeter vessel forms 
one o f the arms o f the bridge. The temperature change that occurs during a 
calorimetric reaction is registered by the thermistor and subsequently converted to the 
corresponding voltage. This voltage is amplified in the amplifying circuit and 
recorded on the strip chart recorder. The calorimeter is calibrated electrically by a 
heater of known resistance (R ). The voltage (V) applied to the heater is being 
measured directly by monitoring the voltages across the standard resistance ( V \ ) and 
the calibration heater resistance ( V2) on the digital voltmeter.
Solution experiments were earned out using 1 cm3 glass ampoules properly sealed 
with silicone rubber stoppers.
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Fig. 7.4 The Tronac 450 calorimeter.
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7.1.3. Characteristics of the temperature-time curve (thermogram)
A  thermogram is the graphical readout recorded on the chart recorder during the 
reaction taking place in the calorimeter. A  typical thermogram (plot o f temperature 
against time) for an exothermic reaction (heat is evolved during the experiment) is 
shown in Fig. 7.5. The plot consists o f three regions
Fig. 7.5 Temperature-time curve (thermogram) for an exothermic reaction.
i) Region A-B is the pre-reaction or initial period when the system has reached
thermal equilibrium. A  linear behaviour is observed. The slope of the line is 
due to effects such as heat leaks and stirring.
ii) Region B-C is the main reaction period starting at B and being completed
before point C.
iii) Region C-D is the post-reaction period and during which the curve is linear
again.
A  detailed study o f the temperature-time curve has been published by Wadso [8].
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7.1.4. Methods for calculating the heat exchange between the 
calorimeter and its surroundings and the true temperature change
I f  heat is evolved or absorbed in the calorimeter vessel a temperature change will 
occur. In an isoperibol calorimeter, the temperature change obtained during the main 
period of the experiment, T c-Tb, in Fig. 7.5 is caused not only by the heat generated 
by the process under investigation, but also by heat exchange with the surroundings 
(thermal leakage), as well as by thermal effects within the calorimeter vessel such as 
heat o f stirring and the heating from the resistance thermometer.
In this case the heat exchange between calorimeter and its surroundings follows 
Newton’s law of cooling i.e. the rate of heat flow is proportional to the difference 
between the calorimeter jacket temperature, T ■, and the vessel temperature, T . Thus,
the slope, g , of the thermogram during the initial and final periods is given by
where u is the contribution o f the constant heat effects generated in the calorimetric 
vessel such as heat o f stirring and heat generated in the resistance thermometer, while 
the second term is due to thermal leakage with K  being the thermal leakage constant. 
Assuming that there is no temperature change during the final period, i.e., the slope o f 
the calorimetric curve d T  / dt -  0 at T  =  Tm (which is the value o f T  at t —> oo when 
the temperature-time curve levels off) it can be shown that
From the above equation two expressions for the slope during the initial and final 
periods, g ( and g f  , can be obtained as follows
g =  d T / d t  = u + K ( T j  ~ T ) (7.8)
g =  d T / d t  = K ( T „ - T ) (7.9)
g t = K ( T „ - T i ) (7.10)
and
g f  = K ( T „ ~ T f ) (7.11)
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where 7} and Tj- are the mean temperatures during the initial and final periods 
respectively.
Subtracting eqn. 7.11 from eqn. 7.10 yields an expression for K ,  a constant 
characteristic for each calorimeter at a given temperature (provided that the heat 
capacity o f the system does not change)
K ^ ( g i - g f ) / ( T f - T i ) (7.12)
where g. and g f  , the values of the slope during the assumed linear initial and final 
periods respectively, can be calculated by
8 i = < T B - T A) / ( t B - t A) (7.13)
and
8 f = ( T D - T c ) / ( t D - t c ) (7.14)
From the above discussion it follows that the observed temperature change during a 
calorimetric reaction, A T , shown as Tc ~ T B in Fig. 7.5, is given by
A T  =  6 + A T corr (7.15)
where 6 is the true temperature change due to the heat generated during the reaction 
in the calorimetric vessel. ATcorr is effectively the "noise" introduced into the system
due to various factors like heat leakage, heat o f stirring and heat generated in the 
resistance thermometer.
Two of the most useful methods for the calculations of the true temperature change, 
6 , both of which have been used in the analysis of the temperature-time plots 
obtained when using the Tronac 450 calorimeter are now discussed in the following 
sections.
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7.1.4.1. Regnault-Pfaundler’s method [5]
One o f the methods to be considered for the type o f calorimeter used in this part of the 
work particularly useful for reactions associated with long reaction times, i.e., over 5 
minutes [5] is Regnault-Pfaundler's method illustrated in Fig. 7.6.
Fig. 7.6 Temperature-time plot showing the Regnault-Pfaundler method.
According to this method ATcorr can be obtained by integrating eqn. 7.9 from tB to tc 
as shown below.
ATcorr =  j j  K (77 - T )  dt (7.16)
lB
In practice, the above integral can be calculated by
& T corr =  K ( T „ - T J A t  (7.17)
where Tm is the mean temperature during the reaction period and At is the duration of 
the reaction period tc - t B . The slope, g B, o f the initial period immediately before 
the reaction started according to eqn. 7.9 is given below
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g B = K ( T „ - T B) (7.18)
In practice, the value o f g ( (which is the mean value of the initial period slope 
obtained from eqn. 7.13) is used instead o f g B. By combining eqns 7.17 and 7.18 we 
obtain
A?,,,., =  [ g l - K ( T m - T ,  ] Af (7.19)
where Tm is the mean temperature which can be obtained graphically by dividing the 
temperature-time curve into a suitable number o f trapezia as shown in Fig. 7.6. The 
value of Tm can be then calculated by evaluating the weighted sum of the mean
temperatures of each o f the trapezia and subsequently diving it by the sum o f their 
contributions
a T ' + b T "  + c T +•••
Tm =  m (7.20)
a + b  +  c + - -
By substituting eqn. 7.19 into eqn. 7.15 and solving for 0 the so called Regnault- 
P faund ler's equations can be obtained which give us the corrected temperature change 
for the initial period
9  = A T - [ g i ~ K ( T m- T i ) ] A t  (7.21)
and the final period
e = A T - [ g f  — K  (Tm Ja (7.22)
7.1.4.2. Dickinson’s method of graphical extrapolation^], [6]
This method provides an alternative to the calculation of the true temperature change. 
This can be done by extrapolating the linear initial and final parts (AB and CD 
respectively in Fig. 7.7) o f the calorimetric curve to the time tm where the mean 
temperature of the reaction period, Tm , occurs.
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i—3
CO
0)CL
Fig. 7.7 Temperature-time plot showing the graphical extrapolation method of 
Dickinson.
According to this method the rate of heat evolution during a reaction is assumed to be 
exponential, i.e., the temperature rise during the reaction, assuming TB =  0 and 
Tc  =  1, is given by
T  =  1 - e -kt (7.23)
In order to find the mean temperature, Tm, which occurs at time tm , the shaded areas I 
and II in Fig. 7.7 must be equal, therefore
dt
Evaluation of the above integral, assuming for simplicity that tB =  0 , yields
(7.24)
t . = l / k (7 .2 5 )
and substituting eqn. 7.25 into eqn. 7.23, a value for Tm is obtained
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Tm = l - e ~ klk = l - -  =  0.632 
e
(7.26)
which means that the mean temperature of the reaction would occur at approximately 
63% o f the heat evolution. This is not the case, however, for the electrical calibration 
experiment in which the heat o f evolution follows a linear path and thus Tm occurs at 
half the temperature rise. In other words the factor o f 0.5 is used instead of 0.63 for 
the calculation o f Tm.
7.1.5. Measurement of Molar Enthalpy of Solution
The amount of heat, Q r , generated during a calorimetric experiment is measured by 
comparative methods, i.e., by comparing it with a known amount o f heat, Qc , evolved 
in the same system during a calibration procedure. During the electrical calibration 
experiment the heat capacity o f the calorimetric system, e, is determined from the 
following expression
where 6C is the true temperature change during the calibration experiment and Qc , 
the amount o f heat released is obtained from the equation
£ =  Q c /0c (7.27)
Q c = I 2R  t (7.28)
t, is the heating time in seconds and the term I 2R  is the power dissipated in the 
heater given by
P  =  V xV2/ R (7.29)
Vx, V2 are the voltage readings taken in the heater voltage positions and R  is the 
heater resistance.
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The heat capacity o f the system, e, is thus calculated from eqn. 7.27 using eqns. 7.28 
and 7.29 and subsequently used to calculate the heat, Q r , generated in the studied 
process, from
Q r = Q c e r / e c (7.30)
where 0 r is the corresponding true temperature change (ideally very similar to 0C).
The heat value Q r divided by the number o f moles, n, of the solute used gives the 
molar enthalpy, A SH  , calculated from
A sH = Q r / n  (7.31)
7.1.6. Miscellaneous corrections
Apart from the temperature correction due to thermal leakage applied in the case of 
isoperibol calorimeters, other heat effects may occur during a calorimetric 
measurement for the enthalpy o f solution determination of a given solute (liquid or 
solid) which should be corrected for. These may be due to the following.
i) A m poule breaking. When carrying out heat of solution measurements a glass 
ampoule containing the solute under investigation is broken in the calorimeter 
vessel. There is then some heat evolution for which corrections must usually 
be made. This heat is determined experimentally by breaking empty, sealed 
ampoules in the relevant solvent and measuring the corresponding temperature 
change in the same way as for a reaction experiment.
ii) S tirrin g. Heat effects can be generated by friction between the solvent and the 
ampoule (which might be different for the unbroken and the broken ampoule) 
or by the movement of the ampoule holder or shaft. These effects can be 
detected on the chart. There have not been detected any heat effects o f this
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kind under the experimental conditions normally used with the Tronac 450 
calorimeter.
iii) E va po ra tio n  o f  the c a lo rim e tric  liq u id . The ampoules used are not usually 
filled completely and therefore contain some air which will pass through the 
calorimetric liquid and become saturated with its vapour. This evaporation 
effect is usually quite small and it is included in the ampoule breaking 
correction.
iv) E va po ra tio n  o f  am poule content. Since incompletely filled ampoules are 
usually used in calorimetric experiments, if  they contain volatile components a 
correction should be used for the heat of vaporisation.
v) C hange in va pour p re ssu re  o f  the ca lo rim etric  liqu id. This can be the result o f 
either the temperature change generated during a calorimetric experiment 
(causing an evaporation or a condensation effect depending on the type of 
reaction) or the dissolution o f the ampoule content (causing a decrease in the 
vapour pressure of the solvent).
7.1.7. Heat of solution measurements at 298.15 K
Enthalpies o f solution were measured by breaking glass ampoules containing dry, 
accurately weighed amounts o f the compounds in question (with a precision of 
0.00001 g). The ampoules were subsequently sealed with rubber stoppers, positioned 
in the ampoule holder and immersed into the calorimetric vessel containing an exact 
volume (50 ml, measured with grade A  pipette) o f the appropriate freshly distilled 
solvent. The reaction vessel was then immersed in the thermostated water bath and 
allowed to reach thermal equilibrium (for about 20 minutes). The reaction was 
subsequently initiated by breaking the ampoule. In all cases, electrical calibration 
experiments were carried out by introducing a known quantity o f electrical heat 
approximately equal to the energy change o f the main reaction. Throughout all 
experiments time-temperature measurements were registered on a chart recorder.
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Molar enthalpies, A SH  , were calculated as shown in section 7.1.5. The A SH  values
obtained at different solute concentrations were then plotted against the square root of 
the ionic strength o f the solution and a linear least squares technique was used in order
to fit a line. The standard enthalpy o f solution, A SH ° , was obtained using the Debye- 
HUckel theory by extrapolating the A SH  data to infinite dilution (zero ionic strength). 
In the cases where no variations in A SH  were observed with changes in the ionic 
strength o f the solution, A SH °  was taken as the average of these data.
7.1.8. Accuracy of calorimetric measurements
There are three main types o f errors in analytical chemistry which may affect a 
calorimetric measurement, gross, random and systematic errors.
G ro ss e rro rs  are serious errors that result in total abandoning o f data. Examples 
include complete instrument breakdown, or contamination o f chemical reagents used.
Random  ( indeterm inate) e rro rs  cause a set o f individual results to fall on both sides of 
the average value. These affect the precision, i.e., the agreement of a series of 
measurements of the same quantity. They are due to causes which the analyst has no 
control and are generally incapable of analysis. Examples include random errors in 
weighing and volumetric procedures and interference from other instruments.
Systematic (determ inate) e rro rs  cause all the results to be in error in the same sense 
(i.e., all too high). Such errors affect the accuracy, that is proximity to the true value. 
They include instrumental and reagents errors (for example use of faulty or 
uncalibrated instruments and volumetric glassware or use of reagents containing 
impurities), operational and personal errors (i.e., not proper washing o f glassware, 
mechanical loss of materials during analytical procedure, errors in the use of 
volumetric glassware) and errors in methods used, for example incorrect analysis of 
thermograms or the process under investigation in the calorimeter.
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The standard deviation, cr, o f a population o f measurements, gives a measure o f the 
precision o f the measurements. There are two cases when analysing calorimetric data 
as explained in section 7.1.7. In the first case no variations in enthalpy are observed 
with changes in the ionic strength o f the solution and the standard deviation, cr, is 
given by [7]
where is the value o f the z'th measurement in our case As H , y is the average value 
of the n measurements and n is the total number o f measurements.
In the second case when variations in enthalpy are observed with the ionic strength of 
the solution the standard deviation, o a , for the intercept ( a )  of the regression line 
( y = b x + a )  is given by [7]
where y t is the value of the /th measurement corresponding to a given x t value (in our 
case x t is the ionic strength, I) , y {- is the ‘fitted’ y value, i.e., the point on the 
calculated regression line ( y t -  y t being the y-residuals), x  is the average o f all values 
of x { and n is the total number o f measurements.
7.1.9. Calibration of the calorimeter
The accuracy and reproducibility o f the Tronac 450 calorimeter was checked by 
measuring the heat o f solution for the reaction o f tris(hydroxymethyl)aminomethane, 
(TRIS or THAM ), with hydrochloric acid (0.1 mol dm'3) at 298.15 K. It is a well 
known standard reaction suggested by Irving and Wadso [8], the process involved 
being described in eqn. 7.34. The enthalpy value for this reaction is reported as
-29.73 ± 0.02 kJ-mol'1 at 298.15 K  by these authors, while the value reported by
(7.32)
E (y i -5 ii ) 2 / ( «  — 2) J z x ?  / n - z i x i - x ) 2 (7.33)
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Ghousseini [9] for the same reaction and temperature using the Tronac 450 
calorimeter is -29.69 ±  0.07 kJ m o l1.
H 2N C ( C H 2O H ) 3 + H 30 + ------> H 3N + C ( C H 2O H ) 3 + H 20  (7.34)
After correction for the heat due to the breaking of the empty ampoule in the solvent 
used, A 5H °is  given from the following formula
where Q R is the heat associated with the reaction in the calorimeter vessel andn THAM
is the number of moles of THAM.
7.2. RESULTS AND DISCUSSION
7.2.1. Ampoule breaking corrections in non-aqueous solvents at
298.15 K
The heat values for empty ampoule breaking determined in acetonitrile (MeCN) and 
Y,Y-dimethylformamide (DMF) are listed in Table 7.1.
Table 7.1 Heat of empty ampoule breaking in two solvents obtained with the 
Tronac 450 calorimeter at 298.15 K.
A SH °  = - Q k (7.35)
nTHAM
Solvent Q (J)
MeCN 0.1560 ±0.0064
DMF 0.0343 ± 0.0029
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7.2.2. Chemical calibration of the Tronac 450 calorimeter
Table 7.2 shows the results obtained for the standard enthalpy o f solution o f THAM  
in an aqueous solution o f 0.1 mol-dm'3 o f HC1 at 298.15 K, using the Tronac 450 
calorimeter. Glass ampoules o f accurately known amounts o f TH AM  were used, 
sealed with silicone rubber.
Table 7.2 Standard enthalpy of solution of THAM obtained with the Tronac 450 
calorimeter at 298.15 K.
THAM  (g ) Q r  (J) A (kJ mol'1)
0.09037 -22.0993 -29.63
0.09850 -24.0154 -29.54
0.09964 -24.4895 -29.77
0.09974 -24.4430 -29.69
0.11746 -28.8184 -29.72
0.13202 -32.1936 -29.54
Q r  is the heat associated with the reaction taking place.
The value obtained for A ^H °(TH AM ) is -29.65 ±  0.09 kJ mol'1. This value is in
very good agreement with the data reported in the literature for this reaction (see 
section 7.1.9).
7.2.3. Standard enthalpies of solution of lanthanide(lll) trifluoro 
methanesulfonate salts in acetonitrile at 298.15 K
Tables C.1-C.13 in Appendix C report the values o f the enthalpies o f solution of 
some lanthanide(III) trifluoromethanesulfonate (triflate) salts obtained
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calorimetrically at different concentrations, c, in acetonitrile at 298.15 K. Figs. C .l-  
C.13 in the same appendix show the corresponding plots o f the A SH  values versus
the square root o f the ionic strength o f the solution, I. Since large variations in the 
heats were observed with changes in the ionic strength for these systems (a fact which 
is also reflected in the values of the standard deviation of the data), the standard
enthalpy o f solution, A SH ° , was taken as the value at / = 0 (infinite dilution) from the
corresponding plots as explained in section 7.1.7. In these plots R2 is the correlation 
coefficient [7] and gives an indication o f how well the experimental points fit a 
straight line.
In order to facilitate the discussion, A SH °  values for the lanthanide(III) triflates in 
acetonitrile at 298.15 K  are summarised in Table 7.3.
Table 7.3 Standard enthalpies of solution of lanthanide(III) triflates in 
acetonitrile at 298.15 K.
Electrolyte A SH °  (kJ mol'1) Electrolyte A SH °  (kJ mol'1)
Sc(CF3S03)3 -123.55 ±9.16 Gd(CF3S03)3 -5.78 ±  3.86
Y (CF3S03)3 -58.88 ±3.25 Tb(CF3S03)3 -70.16 ±4.68
La(CF3S03)3 -52.58 ±1.95 Dy(CF3S03)3 -12.77 ± 4.32
Pr(CF3S03)3 -39.86 ±2.16 Ho(CF3S03)3 -52.94 ±  2.92
Nd(CF3S03)3 -28.83 ±5.11 Er(CF3S03)3 -97.20 ± 4.57
Sm(CF3S03)3 9.78 ±4.98 Yb(CF3S03)3 -147.20 ± 6.37
Eu(CF3S03)3 44.97 ±  5.38
The standard enthalpy o f solution o f a solute, S, in a solvent involves the contribution 
of the crystal lattice enthalpy, AciH°, (endothermic process) and that o f solvation, 
AsoivH°, (exothermic process) as shown in the following thermochemical cycle.
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S(gas)
A fl°
Depending on which o f the two processes predominates, the enthalpy of solution,
A SH ° , can be endothermic or exothermic. It can be seen from Table 7.3 that in most
cases, the dissolution process takes place with the release of energy (exothermic
reaction), except for Sm(CF3S03)3 and Eu(CF3S03)3 where a positive A 5H °is  found
in this solvent. It is therefore clear that in most cases the solvation process 
predominates for these systems. ,
As one goes across the series from La3* to Eu3* the standard enthalpies of solution 
become less exothermic (with A SH °  reaching a maximum value at Eu3*) with 
decreasing ionic radius. A  discontinuity in this trend is observed at Gd3* at which 
point the values o f A SH °  start becoming more negative with decreasing ionic radius 
reaching an exothermic maximum in the case o f Yb3*, with a small ‘kink’ in the 
pattern observed in the case o f Tb3*. This irregularity in the trend o f standard 
enthalpy o f solution along the lanthanide series could possibly be attributed to a 
change in coordination number o f the cations in this solvent. The varied and 
complicated pattern o f solvation numbers for lanthanide cations in solutions has been 
extensively discussed by Burgess [10]. He suggested that molar volumes, activity 
coefficients, transference numbers, conductances and thermochemical studies have all 
provided evidence which can be interpreted in terms of a change in coordination 
number around the middle o f the series o f lanthanide(III) cations. A  break 
somewhere in the middle o f the lanthanide series (often referred to as ‘gadolinium 
break’ ) when plotting thermodynamic data as a function of radius, indicating a change 
in the coordination number, has also been reported by Choppin et al. [11],[12] as well 
as Spedding and Atkinson [13]. Lastly, Habenschuss and Spedding have clearly 
demonstrated a change in coordination number, N, across the rare-earth series in 
aqueous chloride solutions using X-ray crystallography. N  = 9 for La(III)-Nd(III)
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[14] and N  -  8 for Tb(III)-Lu(III) [15], while Sm(III), Eu(III) and Gd(III) are 
transitional with N  between 9 and 8 [16]. They pointed out the important role o f 4f  
electron shielding in the coordinative properties of Ln(III) ions (tervalent lanthanide 
ions have a 4 f 5 s 25p6 electronic configuration and it is the 4/ electrons that 
distinguish them from the d-type transition ions). The 4f  electrons are effectively 
shielded by the electrons in the filled 5s2 5p6 orbitals. The interactions between 
Ln(III) ions and water molecules are therefore predominantly electrostatic in nature 
(ion-dipole). Water coordination is thus mainly determined by both strength o f ion- 
dipole interaction and cation size. Bearing in mind that the radii o f Ln(III) ions 
decrease across the series, the larger lanthanide ions (La-Nd) could accommodate one 
more water molecule than the smaller ones (Tb-Lu) with the transition occurring 
between Nd and Tb [15].
Fig. 7.8 shows a plot of A SH °  versus the ionic radius (in A ) for lanthanide triflates in
acetonitrile at 298.15 K  exhibiting the characteristic ‘break’ around the middle o f the 
lanthanide series.
Ionic Radius (A)
Fig. 7.8 Plot of ASH°  values vs. ionic radius for lanthanide(III) triflates in
acetonitrile at 298.15 K.
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The A SH °  values o f La(CF3S03)3, (-52.58 kJ mol'1); Pr(CF3S03)3 (-39.86 kJ mol'1)
and Nd(CF3S03)3 (-28.83 kJ m o l1) obtained in this work, differ from those reported 
by Ritt [17] for the same salts in the same solvent and temperature (-78.95, -77.15 
and -62.26 kJ mol'1 respectively). Repeated attempts to dissolve the lanthanide(III) 
triflates at the highest concentrations used in the latter report [2.28 x 10'3 for 
La(CF3S03)3, 7.87 x 10'4 for Pr(CF3S03)3 and 1.54 x 10'3 for Nd(CF3S03)3] were 
unsuccessful. Choppin et al. [18] have investigated the solubilities o f lanthanide(III) 
triflates in acetonitrile. Their studies have demonstrated the strong effect of water on 
the solubility o f these salts explained by the strong affinity of these ‘hard’ cations 
towards water. It is clear from these studies that light lanthanide triflates are 
moderately soluble when there is water in the solution whilst there is a drastic 
decrease in solubility as water is removed. It was in fact found that lanthanide 
triflates are preferentially solvated by water in acetonitrile solutions even if  the
amount of water in the solution is small. The difference in the A SH °  values was
therefore attributed to the presence o f water in the salt (lanthanide(III) triflates are 
extremely hygroscopic) or in the solvent (due to inefficient purification) in the case o f 
the work reported in reference [17].
7.2.4. Standard enthalpies of solution of lanthanide(lll) trifluoro 
methanesulfonate salts in A/,A/-dlmethylformamide at 298.15 K
Tables C.14-C.19 in Appendix C report enthalpies of solution of several 
lanthanide(III) trifluoromethanesulfonate salts measured calorimetrically at different 
ionic strengths, in Y,Y-dimethylformamide at 298.15 K. Figs. C.14-C.19 in the same 
appendix show the corresponding plots o f the values of A SH  as a function o f the 
square root o f the ionic strength o f the solution. Since no significant changes were 
observed in A SH  with changes in the electrolyte concentration in this solvent, the 
standard enthalpy o f solution for each electrolyte was taken as the average of the 
A SH  values as explained in section 7.1.7.
Table 7.4 summarises A SH °  values for lanthanide(III) triflates in N ,N - 
dimethylformamide at 298.15 K.
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Table 7.4 Standard enthalpies of solution of lanthanide(III) triflates in N ,N -  
dimethylformamide at 298.15 K.
Electrolyte A SH °  (kJ mol'1)
Sc(CF3S03)3 -222.80 ± 3.97
Y (CF3S03)3 -169.72 ±  2.60
Eu(CF3S03)3 -228.92 ± 2.77
Gd(CF3S03)3 -184.50 ±2.90
Tb(CF3S 03)3 -224.07 ± 3.53
Yb(CF3S03)3 -252.26 ±4.51
In agreement with what is observed in acetonitrile, the dissolution o f the lanthanide 
salts in N ,N -dimethylformamide is accompanied by an enthalpy loss as reflected by
the large negative A SH °  values for these electrolytes, indicating that the solvation
process clearly predominates over the crystal lattice process in this solvent. Since for 
a given electrolyte, the contribution o f the latter process to the solution enthalpies in
the two solvents is the same, the differences observed in the A SH °  values are bound
to reflect the different degree o f solvation in the two solvents.
In order to gain detailed information on the solvation process we need to calculate the 
enthalpy data for the transfer o f the lanthanide cation salts from acetonitrile (reference 
solvent) to jV,Af-dimethylformamide in which case the lattice energy contribution is 
cancelled. These data are now discussed in the following section.
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7.2.5. Standard enthalpies of transfer for the lanthanide(lll) triflates 
from acetonitrile to A/,A/-dimethylformamide at 298.15 K
The standard enthalpy of transfer, A tH ° , for an electrolyte from acetonitrile (MeCN) 
to Y,A~dimethylformamide (DMF), is given.by
A tH ° (M e C N  - +  D M F ) = A SH °  ( D M F ) - A SH °  (M e C N ) (7.36)
Since the lattice contribution is removed, the above equation gives a measure of the 
difference in solvation of the solute between the two solvents.
Table 7.5 summarises the A SH °  values for lanthanide(III) triflates in acetonitrile and
Y,V-dimethylformamide at 298.15 K  and the derived A tH °  values from acetonitrile 
to Y,A-dimethylformamide.
Table 7.5 Standard enthalpies of solution of lanthanide(III) triflates in MeCN 
and DMF at 298.15 K and derived enthalpies of transfer from MeCN to 
DMF.
j  A SH °  (kJ mol )  s 0 ,
Electrolyte A tH  (kJ mol )
MeCN DMF
Sc(CF3S03)3 -123.55 + 9.16 -222.80 ±  3.97 -99.25
Y (CF3S03)3 -58.88 + 3.25 -169.72 + 2.60 -110.84
Eu(CF3s o 3)3 44.97 ± 5.38 -228.92 ± 2.77 -273.89
Gd(CF3S03)3 -5.78 + 3.86 -184.50 + 2.90 -178.72
Tb(CF3S03)3 -70.16 + 4.68 -224.07 + 3.53 -153.91
Yb(CF3S03)3 -147.20 ± 6.37 -252.26 + 4.51 -105.06
The favourable A tH °  values from MeCN to DMF reflect that the stability in
enthalpic terms for these electrolytes is higher in the latter solvent relative to the 
former.
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7.2.6. Standard enthalpy of solution of [tetrakis(/V,/V-diethylaminoethyl) 
oxyl]p-fert-butylcalix[4]arene (L2 ) in A/,A/-dimethylformamide at
298.15 K
Table C.20 in Appendix C reports the enthalpies of solution o f [tetrakis(iV,iV- 
diethylaminoethyl)oxyl]p-terr-butylcalix[4]arene, L2, obtained calorimetrically in 
A,V-dimethylformamide at 298.15 K, at various concentrations, c, o f the ligand. Fig. 
C.20 in the same appendix shows a plot o f the A SH  values as a function o f the square
root o f the concentration. Inspection of this table shows that the A SH  values are
concentration dependent and therefore the standard enthalpy of solution, A SH ° , is the
value at c  = 0 (infinite dilution) from the corresponding plot (Fig. C.20). The A SH °  
value obtained is 34.89 ±  0.92 kJ mol'1.
The fact that the enthalpies of solution o f this neutral ligand vary with concentration 
could possibly reflect ligand-solvent interactions taking place in the presence o f N ,N - 
dimethylformamide as in the case o f the solution studies of 5, 11, 17, 23-tetrakis-(l, 
l-dimethylethyl)-25, 27-bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine) 
ethoxy]calix[4]arene in the same solvent [19].
The dissolution o f this ligand in iV,A-dimethylformamide is accompanied by an 
enthalpy gain as reflected by the positive A SH  values shown in Table C.20 indicating
that the crystal lattice process (endothermic) predominates over the solvation process 
(exothermic).
7.2.7. Standard enthalpies of solution of lanthanide(lll) triflate 
complexes of 5, 11, 17, 23-tetrakis-(1, 1-dimethylethyl)-25, 27- 
bis[2-(methylthio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix 
[4]arene (L1 ) in acetonitrile at 298.15 K
The isolation o f solid lanthanide triflate complex salts allows to proceed with 
measurements of their enthalpies o f solution in acetonitrile at 298.15 K.
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Tables C.21-C.29 in Appendix C report the values of the enthalpies of solution o f 
lanthanide(III) 5, 11, 17, 23-tetrakis-(l, l-dimethylethyl)-25, 27-bis[2-(methyl 
thio)ethoxy]-26, 28-bis[2-(diethylamine)ethoxy]calix[4]arene (L I )  triflates 
[LnL l(C F3S03)3] obtained calorimetrically at several ionic strengths (including the 
lowest ionic strength at which a heat o f solution could be accurately measured) in 
acetonitrile at 298.15 K. Figs. C.21-C.29 in the same appendix show the 
corresponding plots o f the A SH  values versus the square root o f the ionic strength o f 
the solution, 7. Significant variations were observed with changes in the ionic 
strength for these systems and hence A 577° was taken as the value at I  = 0 from the 
corresponding plots (see section 7.1.7).
All the above calorimetric measurements were earned out in the presence of ligand in 
the vessel in order to ensure that no dissociation o f the complex occurred during these 
measurements.
Heat of solution measurements for [LnL l(C F3S03)3] in Y,Y-dimethylformamide were 
not attempted since stability constant measurements involving these systems in this 
solvent have shown that relatively weak complexes are formed in this case (see 
chapter 6 where thermodynamics o f complexation is discussed) whose dissociation 
would lead to erroneous results.
Table 7.6 summarises A SH °  values for [LnL l(C F3S03)3] in acetonitrile at 298.15 K.
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Table 7.6 Standard enthalpies of solution of L l lanthanide(IIl) triflate 
complexes in MeCN at 298.15 K.
Electrolyte A SH °  (kJ mol'1) Electrolyte A SH °  (kJ mol'1)
[ScL l(C F3S03)3]
[YL1(CF3S03)3]
[LaL l(C F3S03)3]
[N dL l(C F3S03)3]
[Sm Ll(CF3S 03)3]
-63.57 ±  4.13 [EuL1(CF3S03)3] -35.88 ± 3.05
-28.91 ±  3.00 [G dLl(CF3S03)3] -40.28 ±  2.66
-35.10 ±  3.42 [TbL l(C F3S03)3] -34.28 ±  1.95
-46.67 ±  3.49 [Y bL l(C F 3S03)3] -17.50 ±  3.41
-32.87 ±  2.32
The data shown in the above table reflect that the dissolution o f these complexes in 
this solvent leads to exothermic heats implying that the solvation process 
(exothermic) predominates over the crystal lattice (endothermic process).
For comparison purposes, Table 7.7 summarises standard enthalpies o f solution o f the 
free and complexed lanthanide(III) electrolytes in MeCN at 298.15 K. Inspection of 
this table shows that the most striking changes found are those for Eu(CF3S03)3 
(endothermic) relative to [EuL 1(CF3S03)3] (exothermic). The data indicate that while 
for the former (free) electrolyte, the crystal lattice process predominates, this is not the 
case for the latter (complexed) electrolyte. This is also observed for the samarium 
electrolytes to a lesser extent.
Two distinctive patterns are observed in the thermochemical behaviour o f these 
electrolytes in this solvent. For scandium, yttrium and lanthanum (beginning o f the 
lanthanide series) and terbium and ytterbium (end o f series), the dissolution o f the 
complexed electrolytes is characterised by a lower enthalpic stability (more 
endothermic) relative to the free salts. The opposite is true for neodymium, 
samarium, europium and gadolinium however, (middle of the series) as the more 
endothermic character o f the dissolution o f the free electrolytes relative to the 
complexed salts suggests.
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Table 7.7 Summary of standard enthalpies of solution of lanthanide(III) triflates 
and lanthanide(III) triflate complexes in MeCN at 298.15 K.
Electrolyte A si7° (kJ mol"1) Electrolyte A 5//° (kJ mol'1)
Sc(CF3S03)3 -123.55 ±9.16 [ScL1(CF3S03)33 -63.57 ±4.13
Y(CF3s o 3)3 -58.88 ±  3.25 [YL1(CF3S03)3] -28.91 ±  3.00
La(CF3S03)3 -52.58 ±  1.95 [LaL l(C F3S03)3] -35.10 ±3.42
Nd(CF3S03)3 -28.83 ±5.11 [N dLl(C F3S03)3] -46.67 ± 3.49
Sm(CF3S03)3 9.78 ±4.98 [Sm Ll(CF3S03)3] -32.87 ±  2.32
Eu(CF3S03)3 44.97 ±  5.38 [EuL1(CF3S03)3] -35.88 ± 3.05
Gd(CF3S03)3 -5.78 ± 3.86 [GdLl(CF3S03)3] -40.28 ± 2.66
Tb(CF3S03)3 -70.16 ±4.68 [TbLl(CF3S03)3] -34.28 ±  1.95
Yb(CF3S03)3 -147.20 ±  6.37 [Y bL l(C F 3S03)3] -17.50 ±3.41
Since there is a considerable increase in cation size when moving from a given 
lanthanide salt to its corresponding complex, the energy required to break the solid is 
expected to be lower for the latter relative to the former. Therefore assuming that in a 
given solvent the free metal cation undergoes the same degree o f solvation as the 
complex cation one would expect the solution enthalpy o f the free lanthanide salts to 
be more endothermic than their corresponding complexed species. The more 
endothermic character o f the dissolution process associated with the complexed 
species relative to the free electrolyte obtained in the systems in the beginning and in 
the end of the lanthanide series, indicates that the complex cation is less solvated than 
the free cation in these cases.
Since electrolytes consist of cation-anion combinations, it is difficult to assess the 
contribution o f each individual ion. For this purpose, single-ion values for 
lanthanide(III) cations have been calculated and these are discussed in the following 
section.
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7.2.8. Standard enthalpies of transfer for the lanthanide(lll) cations 
from acetonitrile to A/,A/-dimethylformamide at 298.15 K
Several extrathermodynamic conventions have been introduced for the determination 
of single-ion values since it is not possible to measure these values directly. Most of 
these assumptions are based on electrolytes constituted by large cations and anions 
with a low charge density in order to minimise specific interactions between the ions 
and the solvent. The most widely used extrathermodynamic convention proposed by 
Parker [20] states that
A ,P°Phi A s + ( s l - > s 2 ) =  A ,P °  F/i4B_ (s, -> « 2) (7.37)
or
A ,P°Ph4P + ( s l ^ s 2) = A l P Q P h4 B - ( . S l - > s 2)  (7.38)
P° = G ° ,  H °  and S°
This assumption is based on experimental data on these electrolytes which have 
suggested that each individual ion in Ph4AsPh4B behaves as an uncharged entity 
(Ph4C).
All data in this work are based on the tetraphenylarsonium-tetraphenylborate 
(Ph4AsPh4B) convention.
In order to split A tH °  into their ionic contributions, the single-ion A tH °  value for 
the trifluoromethanesulphonate anion is required. This was calculated from the 
enthalpy o f solution of lithium trifluoromethanesulfonate in acetonitrile [21]
(A SH °  = -15.59 ±  0.90 kJ mol'1) and in A,A-dimethylformamide [22] (A SH °  =  
-55.18 ± 2.16 kJ mol'1) at 298.15 K  combined with the A tH °  value for the lithium
cation from acetonitrile to A,Y-dimethylformamide [ A tH °  L i + (M e C N  —> D M F )  -  
-  32.89 kJ mol'1] [23] at 298.15 K  based on the Ph4AsPh4B convention.
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It was found that
A,H°[CF3SOf](MeCN~> DMF) = AsH°[LiCF3S03](DMF) - AsH°[LiCF3S03](MeCN) -  A,H°[Li+](MeCN-* DMF)
(7.39)
= -  6.7 kJ mol'1
Combining the above result with transfer enthalpy values for the lanthanide triflates 
listed in Table 7.5, single-ion values for the lanthanide(III) cations from MeCN to 
DMF were calculated and these are listed in Table 7.8.
Table 7.8 Single-ion AtH °  values for lanthanide(III) cations from M eCN to 
DM F at 298.15 K.
Cation A tH °  (kJ mol"1)
Sc3+ -79.15
y3+ -90.74
Eu3+ -253.79
Gd3+ -158.62
Tb3+ -133.81
Yb3+ -84.96
The availability o f transfer data for the free lanthanide(III) cations as well as the 
ligand L I  and complexation data, A CH ° , for L I  and these cations in MeCN and
DMF (see chapter 6) allows the calculation o f the A tH °  values for the complexed 
cations [Ln3+L l ] .
The A tH °  value for LI from MeCN to DMF [ A tH °  L1 (M e C N  -> D M F ) = -1 .34  kJ 
mol"1] is taken from reference [19].
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A tH °  values for the complexed cations, [Ln3+L l ] ,  are calculated from eqn. 7.40
using the A tH °  value for LI, the single-ion A tH °  values for lanthanide(III) cations,
[Ln3+], reported in Table 7.8 and the A CH °  data for the complexation o f L I  and these 
cations in MeCN and DMF discussed in chapter 6. Table 7.9 summarises single-ion 
A tH °  values for the free and complexed lanthanide(III) cations from MeCN to DMF.
A CH° (DMF) -  Ac H ° (MeCN) = A,H° (Ltfr LI) (MeCN ft DMF) -A ,H° (Ln3+) (MeCN ft DMF) -A ,H° (LI) (MeCN ft DMF)
(7.40)
Table 7.9 Single-ion AtH °  values for the free and complexed lanthanide(III) 
cations from MeCN to DMF at 298.15 K.
Cation A tH °  (kJ mol'1) Cation A tH °  (kJ mol'1)
S c 3+ - 7 9 . 1 5 [ S c 3+L 1 ] - 0 . 5 6
Y 3+ - 9 0 . 7 4 [Y 3+L1] - 3 . 9 2
E u 3+ - 2 5 3 . 7 9 [ E u 3+L 1 ] - 1 3 2 . 7 7
Gd3+ - 1 5 8 . 6 2 [Gd3+L l ] - 3 3 . 0 4
Tb3+ - 1 3 3 . 8 1 [Tb3+L l ] 4 5 . 2 6
Yb3+ - 8 4 . 9 6 [Yb3+L l ] 5 3 . 8 8
Single-ion A tH °  values for the transfer from MeCN to DMF based on the
Ph4AsPh4B convention (Table 7.9), show that the enthalpies for the transfer of 
lanthanide(III) cations are all exothermic. This is the result of the cations being 
enthalpically more stable in DMF than in MeCN, reflecting the differences in the 
coordinating properties of these solvents.
An increase in stability in terms o f enthalpy is observed in the A,7/°[Ln3+] values 
from Sc3+ to Eu3+, followed by a decrease in moving towards Yb3+. The same pattern
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is reflected in the single-ion A tH °  values for the complexed cations [Ln3+L l ]  from 
MeCN to DMF.
Lastly, data given in Table 7.9 show that large variations in the A tH °  values for both 
the free and complexed cations are observed with the central cation Ln3+.
The individual processes involved in eqn. 7.40 are best illustrated via a 
thermodynamic cycle considered from MeCN to DMF and expressed in terms of 
enthalpies as shown below.
L n 3+ (M e C N ) + L1 (M e C N )  — — > /CT+L1 (M e C N )AM °  . r „3+i
A tH ' A tH ' A tH '
\/
L n i + ( D M F )  +  L1 ( D M F )  — ^ — > L n J1U  ( D M F )ACH° , r..3+,
With the aim o f analysing the various factors (metal cation, ligand and metal-ion 
complex) which contribute to the medium effect on the complexation process on the 
basis o f eqn. 7.40, six systems were analysed from MeCN to DMF. Thus, by
inserting the appropriate quantities in the thermodynamic cycle in terms of A CH ° , the
following were obtained.
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S c3+ (M e C N )  + L1 (M e C N )
-164.24 kJraoP1 „ 3+
79.15 kJ mol”1
V
1.34 kJ mol"1
» S c3+L1 (M e C N )
0.56 kJ mol-1
S c3+ ( D M F )  +  L1 ( D M F )  ---- 8431 kJ 17101-1 > S c3+U ( D M F )
Y 3+ (M e C N ) + L1 ( M e C N )  ?4:42kJmo1.- . > y 3+L1 (M e C N )
90.74 kJ mol -1.34 kJmol
v
3.92 kJmol -i
Y i + ( D M F )  +  L1 ( D M F )  ---- 6-26 kJmol-' > Y 3* \ J \ ( D M F )
1-13+/*^ /> i t\ , j  142.05 kJ mol _  3j-
E u  (M e C N ) + L1 ( M e C N ) -----------------  "
-253.79 k lm oP1 -1.34 kJm or1
V \/ V
> E W +U  (M e C N )
132.77 kJmol"1
E u 3+ ( D M F )  + LA ( D M F ) -19.69 kJmol-1 ^ 3+> E u ^ l A ( D M F )
1-1
G d  (M e C N ) + L1 (M e C N )r 3 + „ , _ ™  , 146.35 kJmol----  ^Gd3+U
-33.04 kJmor1-158.62 kJm or1 -1.34 kJmoP1
V / V
G d 3+(D M F )  + L1 -19.43 kJmol-1 _ , 3+> G d  L1
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T b 3+ (M e C N )  + I . )  ( M e C N )------ 187,17 kJm°*---- * T b ^ U  (M e C N )
-133.81 kJmol-l
V
■1.34 kJ m ol'1
V
45.26 kJmol -i
77)3+ ( D M F )  + L1 -6.76 kJmol-1 -> /7)3+L1 ( D M F )
Ybi + (M e C N ) +  L1
— 156.46 kJmol-i
-> Ffo3+L1 (M e C N )
-84.96 kJmol -1 -1.34 kJmol -i
V
53.88 kJmol-l
Y bi + ( D M F )  + L1 ( D M F )  ---- 16.28 kJmol~' > y&3+|_1 ( D M F )
In all systems studied, the ligand does not contribute significantly to the enthalpic 
stability o f the complex due to its small value o f transfer enthalpy.
In the cases o f scandium and yttrium, the small values for the transfer enthalpies of
the metal-ion complex and the ligand are overcome by the favourable A tH °  of the
metal cation from MeCN to DMF and therefore the complexation process is 
enthalpically more stable in MeCN than in DMF.
In the cases of Eu3+ and Gd3+ the higher enthalpic stability observed in MeCN relative 
to DMF is mainly due to the favourable contribution of the metal cation. The A tH °  
of the complex cation from MeCN to DMF (being negative) contributes unfavourably
to the A CH °  in MeCN.
The higher enthalpic stability observed in the complexation o f L I  and Tb3+ and Yb3+ 
in MeCN relative to DMF is due to the favourable contributions o f both the free and 
complex cation.
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These results clearly demonstrate that in assessing the medium effect on the 
complexation process, information on the transfer parameters o f the reactants and the 
product taking part in the reaction must be considered.
From the thermodynamic data reported in this chapter, the following conclusions are 
drawn
i) Standard enthalpies o f transfer, A tH ° , o f lanthanide(III) triflates from MeCN
to DMF show that these electrolytes are more stable (in enthalpic terms) in 
DMF than in MeCN.
ii) Enthalpies of solution o f lanthanide(III) triflate complexes o f L l  in MeCN are 
negative (exothermic process) indicating that the solvation process 
predominates over the crystal lattice process.
iii) Single-ion A tH °  data for lanthanide(III) cations from MeCN to DMF show 
that these cations are enthalpically more stable in DMF than in MeCN. The 
same holds for the complexed cations with the exceptions o f [Tb3+L l ]  and 
[Yb3+L l].
iv) Finally, in assessing the medium effect on the stability o f complex formation, 
the results revealed the importance of the solvation changes o f both reactants 
and product upon complexation.
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C H A P T E R  8
C O N C L U D IN G  R E M A R K S
8.1.SUM M ARY OF RESEARCH CARRIED OUT
The main findings of the work earned out, during the course o f the research described
in this thesis, are the following
i) Calix[4]arenes, due to their hydrophobic cavity formed by the four phenol 
units, display significant affinities towards neutral guests. Thus, molecular 
modelling studies on L l ,  L2 and L3 suggested the presence o f interactions 
between these derivatives and solvent molecules such as acetonitrile and N ,N - 
dimethylformamide. The simulations have demonstrated that solvent-induced 
conformational changes o f the ligands take place, leading to more or less 
square cones, being better ‘preorganised’ for complexation.
ii) *H NMR data showed that ligands L l  and L3 interact with lanthanide(III) 
cations forming 1:1 complexes in CD3CN and DMF-d7 and revealed the sites 
o f complexation. In the case o f L2, 2:1 (metal cation : ligand) complexation 
takes place in CD3CN, whilst in DMF-e?7 one metal cation is taken up per unit 
of ligand. Thus, L2 undergoes considerable conformational changes in 
CD3CN in order to accommodate a second cation, as indicated by the crossing 
which is observed between three different sets of signals. Generally speaking, 
weak interactions were demonstrated to occur in DMF-d7 relative to CD3CN, 
as shown by the considerably smaller chemical shift changes in the former 
solvent.
iii) Conductance experiments showed that lanthanide(III) cations are the 
predominant species in solution in the range o f concentrations studied. They 
also confirmed the stoichiometry o f complex formation between L l  and L2 
and these cations and provided qualitative information on the strength o f 
complexation. Thus, well defined breaks in the titration curves demonstrated
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moderate 1:1 interactions between L I  and lanthanide cations in acetonitrile at
298.15 K. As far as L2 is concerned, the shaip breaks observed in the titration 
curves in acetonitrile, clearly revealed 2:1 stoichiometries in this case.
iv) Thermodynamic studies of complexation have shown that ligands L4, L5 and 
L6 form complexes o f relatively low stabilities with the tervalent lanthanide 
cations in acetonitrile, with the weakest interactions found in the case o f L4 
( lo g K s <  2). Ligands L I  and L3 form complexes o f relatively similar
stability constants in acetonitrile whilst the enthalpic stability is higher for L I  
relative to L3. Enthalpy-entropy compensation effects were observed in the 
complexation o f L I  with lanthanide(III) cations in acetonitrile, while L3 was 
found to be selective for these cations in this solvent, being therefore suitable 
for separating them. The complexation reaction is enthalpy favoured for all 
systems studied, possibly due to strong electrostatic interactions between the 
tervalent cations and the donor atoms of the ligand. The medium effect in 
going from acetonitrile to A,A-dimethylformamide leads to significant 
changes in the thermodynamics of complexation. Thus, the interactions 
between the macrocyclic ligands L I ,  L2 and L7 and lanthanide(III) cations are 
much weaker in the latter solvent. Solvent effects are particularly striking in 
the Ln(III) - L2 system, with the stoichiometry o f the reaction changing from 
2:1 (two metal cations per unit o f ligand) in the former solvent to 1:1 in the 
latter.
v ) Solution data have shown that the transfer of lanthanide(III) cations from 
acetonitrile to A,/V-dimethylformamide is largely enthalpically favoured. 
Combination o f complexation data in the two solvents with solution data of 
the host (L I )  and the guest (Ln3+) allowed the calculation o f single-ion 
transfer values for the complexed cations using the thermodynamic cycle. 
Finally, with the aid o f these values, the effect of transferring the reactants and 
products from acetonitrile to A,A-dimethylformamide on the complexation of 
L I  and Ln(III) in the two solvents was individually assessed.
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8.2.SUGGESTIONS FOR FURTHER W O RK
The research reported in this thesis calls upon further investigations regarding the
following
i) Isolation of suitable crystals of metal-ion complexes for X-ray analysis, 
especially for the complexes o f L2 (2:1 metal cation : ligand stoichiometry) in 
order to have a better understanding o f the interactions taking place.
ii) It would be interesting to conduct enthalpy measurements for the 
complexation process involving macrocyclic ligands and lanthanide(III) 
cations at different temperatures, in order to determine the change in heat 
capacity at constant pressure for these systems. These measurements will 
provide information regarding the influence of temperature on complexation 
and will also give a wider thermodynamic picture regarding the ligand binding 
process. Few such data have been reported in the area o f macrocyclic ligand 
chemistry.
iii) The complexing abilities o f a wide range o f calixarene derivatives, containing 
different donor atom arrangements, towards lanthanide cations should be 
explored. Based on these data, the extraction properties o f these ligands for 
these metal cations can be assessed and selectivity trends can be established.
iv) Thermodynamic parameters of complexation (A CG °, ACH °  and A c5 ° ) 
should be obtained in a variety o f solvents as well as solution thermodynamic 
data (A SG ° , A SH °  and A sS ° )  for the ligand and the free and complexed salts 
containing different anions in the appropriate solvent. Combination of these 
data will allow the calculation o f the enthalpies of coordination associated 
with the process referred to product and reactants in their pure physical state. 
Apart from the useful information provided by these data on the enthalpy of 
the process in the solid state, they can also be used a) as a means o f checking 
the accuracy o f thermodynamic data, b) to assess the anion effect on the 
coordination process and c) to obtain information regarding the ligand 
binding process in low dielectric media.
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v) Kinetic aspects o f the complexation process between macrocyclic ligands and 
lanthanide(III) cations should be investigated. The availability of kinetic and 
thermodynamic data will facilitate the choice o f ligand and solvent in metal- 
extraction processes.
vi) Lastly, the luminescence properties o f the isolated lanthanide(III) complexes 
of L l  and L2 should be studied. Work in this area is now in progress.
A P P E N D IX  A  
1H N M R  T IT R A T IO N  D A T A
A.1. 1H NMR TITRATION OF L2 AND Y(CF3S03)3 IN CD3CN AT 298 K
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A.5. 1H NMR TITRATION OF L1 AND La(CF3S03)3 IN CD3CN AT 298 K
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A.9. 1H SPECTRUM OF L3 IN CD3CN AT 298 K
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A.12. 1H SPECTRUM OF THE LUTETIUM COMPLEX OF L3 IN CD3CN AT 298 K
A.13. 1H SPECTRUM OF THE EUROPIUM COMPLEX OF L3 IN CD3CN AT 298 K
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A.15. 1H NMR TITRATION OF L1 AND Y(CF3S03)3 IN DMF-ch AT 298 K
A P P E N D IX  A . H  N M R  T IT R A T IO N  D A T A 312
"7 ' 1 ' 1 5 1 ' ' ' S * ' ' T 4 ' ' ' 1 3 1 1 1 T 2 ' * ’ 1 \ 1 1 1 1 pm
A P P E N D IX  B
P O T E N T IO M E T R IC  A N D  C A L O R IM E T R IC  T IT R A T IO N  D A T A
B.1. COM PLEXATION OF LANTHANIDE(III) CATIO NS WITH L1 IN 
ACETONITRILE (M ECN) A T  298.15 K BY POTENTIOM ETRY
Table B.l Potential changes and corresponding mole ratio (M3+/L1) data for the 
titration of LI with some lanthanide(III) cations in MeCN at 298.15 K.
M 3+/L1 mV M 3+/L1 mV M 3+/L1 mV M 3+/L1 mV M 3+/L1 mV
Sc 3+ y 3+ La3+ Pr3+ Sm3+
0.111 378.5 0.118 378.6 0.076 377.1 0.087 377.5 0.078 380.5
0.221 379.6 0.236 379.0 0.151 377.4 0.174 377.3 0.155 381.6
0.332 380.2 0.353 379.8 0.227 377.0 0.261 378.3 0.233 381.8
0.442 381.0 0.471 380.6 0.302 377.7 0.348 379.4 0.311 382.3
0.553 380.6 0.589 382.0 0.378 377.3 0.436 379.0 0.389 382.5
0.663 382.1 0.707 382.8 0.453 378.0 0.523 380.4 0.466 383.3
0.774 383.4 0.825 383.1 0.529 378.7 0.610 379.6 0.544 383.8
0.884 384.7 0.942 383.2 0.604 379.2 0.697 380.7 0.622 383.9
0.995 385.2 1.060 385.7 0.680 379.1 0.784 381.5 0.699 385.4
1.105 386.0 1.178 386.0 0.755 379.5 0.871 381.4 0.777 385.5
1.216 387.1 1.296 387.4 0.831 380.2 0.958 382.8 0.855 386.5
1.326 388.0 1.413 388.7 0.906 379.3 1.045 383.5 0.932 387.1
1.437 389.7 1.531 389.7 0.982 380.5 1.132 383.8 1.010 387.9
1.547 390.8 1.649 391.7 1.057 380.7 1.219 384.3 1.088 388.9
1.658 392.8 1.767 393.8 1.133 382.5 1.307 386.1 1.166 388.4
1.768 393.7 1.885 394.1 1.208 382.9 1.394 386.1 1.243 390.7
1.879 394.4 2.002 395.8 1.284 382.5 1.481 387.3 1.321 392.0
1.989 395.8 2.120 397.0 1.359 382.8 1.568 387.4 1.399 392.1
2.100 397.6 2.238 399.2 1.435 384.0 1.655 389.4 1.476 393.3
2.210 398.3 2.356 399.8 1.510 384.4 1.742 390.3 1.554 394.6
313
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Table B.2 Potential changes and corresponding mole ratio (M3+/L1) data for the 
titration of L l with some lanthanide(III) cations in MeCN at 298.15 K.
M3+/L1 mV M3+/L1 mV M3+/L1 mV M3+/L1 mV M3+/L1 mV
Eu3+ Gd3+ Tb 3+ Er3+ Yb 3+
0.080 376.2 0.077 375.7 0.078 402.2 0.082 385.3 0.077 379.0
0.160 376.1 0.154 376.9 0.156 402.5 0.164 385.3 0.153 379.9
0.239 375.2 0.231 377.0 0.234 405.1 0.246 386.3 0.230 380.9
0.319 377.0 0.309 376.4 0,312 407.2 0.328 388.7 0,306 381.5
0.399 377.1 0.386 377.1 0.390 408.1 0.410 387.3 0.383 381.5
0.479 377.3 0.463 376.6 0.469 408.6 0.492 388.7 0.459 381.6
0.559 378.2 0.540 377.8 0.547 410.8 0.574 389.5 0.536 383.0
0.638 378.8 0.617 378.4 0.625 412.2 0.656 390.0 0.612 384.5
0.718 378.8 0.694 378.8 0.703 413.6 0.738 390.3 0.689 383.8
0.798 379.1 0.771 378.7 0.781 414.9 0.820 391.2 0.765 384.4
0.878 380.0 0.848 378.6 0.859 417.3 0.902 392.8 0.842 385,3
0.957 380.9 0.926 380.1 0.937 418.0 0.984 394.2 0.918 385.3
1.037 380.5 1.003 379.8 1.015 419.5 1.066 394.7 0.995 385.9
1.117 381.9 1.080 380.9 1.093 420.9 1.148 396.1 1.071 386.8
1.197 381.8 1.157 381.6 1.171 422.0 1.230 396.6 1.148 387.5
1.277 382.8 1.234 381.7 1.249 423.5 1.312 397.4 1.224 388.7
1.356 383.2 1.311 383.7 1.328 425.7 1.394 399.6 1,301 388.7
1.436 384.4 1.388 384.0 1.406 426.5 1.476 400.1 1.377 389.4
1.516 384.8 1.465 384.2 1.484 427.1 1.558 400.3 1.454 390.3
1.596 385.8 1.543 385.7 1.562 428.3 1.640 401.8 1.530 391.1
B.2. COM PLEXATION OF LANTHANIDE(III) CATIONS WITH L1 IN 
ACETONITRILE (M ECN) A T  298.15 K BY TITRATION MICRO 
CALO RIM ETRY AND C LA SS IC A L  CALORIM ETRY
Table B.3 Microcalorimetric titration data and plot of assumed values of iog U 
vs. log K s for the titration of L l with scandium in MeCN at 298.15 K.
Step m t / l t Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0262 -0.0251 0.0011
2 0.17 -0.0519 -0.0498 0.0021
3 0.25 -0.0778 -0.0739 0.0039
4 0.34 -0.1036 -0.0973 0.0063
5 0.42 -0.1289 -0.1198 0.0091
6 0.51 -0.1535 -0.1413 0.0121
7 0.59 -0.1756 -0.1616 0.0140
8 0.67 -0.1979 -0,1806 0.0173
9 0.76 -0.2185 -0.1979 0.0206
10 0.84 -0.2257 -0.2136 0.0121
11 0.93 -0.2293 -0.2275 0.0018
12 1.01 -0.2336 -0.2396 -0.0060
13 1.09 -0.2363 -0.2500 -0.0137
log K,
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Table B.4 Microcalorimetric titration data and plot of assumed values of logXJ 
vs. logKs for the titration of LI with yttrium in MeCN at 298.15 K.
Step M j / L j Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.09 -0.0510 -0.0462 0.00482 0.18 -0.1020 -0.0919 0.01003 0.27 -0.1455 -0.1371 0.00834 0.36 -0.1888 -0.1816 0.00725 0.44 -0.2335 -0.2251 0.00846 0.53 -0.2751 -0.2673 0.00787 0.62 -0.3171 -0.3076 0.00958 0.71 -0.3584 -0.3455 0.01299 0.80 -0.3984 -0.3800 0.018410 0.89 -0.4288 -0.4102 0.018611 0.98 -0.4402 -0.4355 0.004712 1.07 -0.4480 -0.4557 -0.0077
Table B.5 Microcalorimetric titration data and
vs. logjfiCs for the titration of LI with lant
Step Mf / L,j Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.09 -0.0043 -0.0033 0.00112 0.18 -0.0083 -0.0064 0.00193 0.27 -0.0127 -0.0094 0.00334 0.37 -0.0149 -0.0122 0.00275 0.46 -0.0170 -0.0148 0.00226 0.55 -0.0190 -0.0172 0.00177 0.64 -0.0202 -0.0195 0.00078 0.73 -0.0211 -0.0216 -0.00059 0.82 -0.0224 -0.0235 -0.001210 0.92 -0.0234 -0.0253 -0.001911 1.01 -0.0244 -0.0269 -0.0026
log K .
log K .
Table B.6 Microcalorimetric titration data and plot of assumed values of log U 
vs. logtfs for the titration of L I with praseodymium in MeCN at 298.15 
K.Step / Lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0065 -0.0075 -0.00112 0.16 -0.0132 -0.0149 -0.00173 0.24 -0.0208 -0.0221 -0.00124 0.32 -0.0286 -0.0290 -0.00035 0.40 -0.0360 -0.0356 0.00046 0.49 -0.0429 -0.0419 0.00107 0.57 -0.0497 -0.0479 0.00198 0.65 -0.0559 -0.0534 0.00259 0.73 -0.0614 -0.0586 0.002910 0.81 -0.0633 -0.0632 0.000111 0.89 -0.0653 -0.0675 -0.002112 0.97 -0.0679 -0.0713 -0.0033 log Ki
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Table B.7 Microcalorimetric titration data and plot of assumed values of log 17 
vs. log J£s for the titration of LI with neodymium in MeCN at 298.15 K.
Step My /  Li-p Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.07 -0.0053 -0.0063 -0.0010
2 0.14 -0.0112 -0.0124 -0.0012
3 0 .21 -0.0172 -0.0184 -0.0012
4 0.28 -0.0235 -0.0242 -0.0007
5 0.35 -0.0296 -0.0298 -0.0002
6 0.42 -0.0357 -0.0352 0.0005
7 0.49 -0.0419 -0.0404 0.0015
8 0.56 -0.0468 -0.0453 0.0015
9 0.63 -0.0515 -0.0499 0.0016
10 0.70 -0.0550 -0.0543 0.0007
11 0.77 -0.0599 -0.0583 0.0016
12 0.84 -0.0607 -0.0620 -0.0012
13 0.91 -0.0621 -0.0654 -0.0032
log K ,
Table B.8 Microcalorimetric titration data and plot of assumed values of log U 
vs. log K s for the titration of LI with samarium in MeCN at 298.15 K.
Step m t/ lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0264 -0.0195 0.0068
2 0.15 -0.0507 -0.0388 0 .0 1 2 0
3 0.23 -0.0736 -0.0576 0.0160
4 0.31 -0.0945 -0.0760 0.0185
5 0.38 -0.1129 -0.0938 0.0191
6 0.46 -0.1298 -0.1110 0.0188
7 0.53 -0.1441 -0.1274 0.0167
8 0.61 -0.1568 -0.1429 0.0138
9 0.69 -0.1703 -0.1575 0.0128
10 0.76 -0.1829 -0.1709 0 .0 1 2 0
11 0.84 -0.1927 -0.1830 0.0097
12 0.92 -0.1988 -0.1939 0.0049
13 0.99 -0.2027 -0.2035 -0.0009
14 1.07 -0.2049 -0.2119 -0.0071
Table B.9 Microcalorimetric titration data and
vs. log# s for the titration of LI with eurc
Step My /  L>j Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.11 -0.0079 -0.0084 -0.0005
2 0 .21 -0.0157 -0.0164 -0.0006
3 0.32 -0.0235 -0.0238 -0.0002
4 0.43 -0.0314 -0.0307 0.0007
5 0.53 -0.0391 -0.0371 0.0019
6 0.64 -0.0450 -0.0431 0.0019
7 0.75 -0.0506 -0.0487 0.0019
8 0.85 -0.0554 -0.0539 0.0015
9 0.96 -0.0602 -0.0587 0.0015
10 1.07 -0.0627 -0.0631 -0.0004
log K .
log K.
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Table B.10 Microcalorimetric titration data and plot of assumed values of log U 
vs. log K s for the titration of LI with gadolinium in MeCN at 298.15 K.
Step Mj /  Lt Qexp (J) Qcal (I) Qexp Qcal (J)
1 0 .1 1 -0.0077 -0.0085 -0.0008
2 0 .2 1 -0.0163 -0.0169 -0.0006
3 0.32 -0.0245 -0.0252 -0.0007
4 0.43 -0.0325 -0.0333 -0.0009
5 0.53 -0.0414 -0.0412 0 .0 0 0 2
6 0.64 -0.0483 -0.0486 -0.0003
7 0.75 -0.0554 -0.0555 -0.0001
8 0.85 -0.0610 -0.0615 -0.0005
9 0.96 -0.0672 -0.0665 0.0007
10 1.07 -0.0704 -0.0703 0 .0 0 0 2 log K s
Table B .ll Microcalorimetric titration data and plot of assumed values of logZ7 
vs. log/Cy for the titration of L I with terbium in MeCN at 298.15 K.
Step Mj  / Lt QexP ( J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0248 -0.0206 0.0041
2 0.17 -0.0238 -0.0200 0.0038
3 0.25 -0.0209 -0.0192 0.0017
4 0.34 -0.0187 -0.0184 0.0003
5 0.42 -0.0167 -0.0175 -0.0007
6 0.51 -0.0153 -0.0165 -0.0012
7 0.59 -0.0149 -0.0154 -0.0005
8 0 .6 8 -0.0149 -0.0143 0.0006
9 0.76 -0.0132 -0.0132 0 .0 0 0 1
10 0.85 -0.0096 -0.0120 -0.0024
11 0.93 -0.0040 -0.0109 -0.0070
12 1.01 -0.0033 -0.0099 -0.0066
log K .
Table B.12 Microcalorimetric titration data and plot of assumed values of logt/ 
vs. log K s for the titration of LI with dysprosium in MeCN at 298.15 K.
Step M t / L t Qexp (J) Qcal (J) Qexp ~  Qcal (J)
1 0.08 -0.0199 -0.0210 -0.0011
2 0.17 -0.0261 -0.0201 0.0059
3 0.25 -0.0257 -0.0192 0.0065
4 0.33 -0.0176 -0.0183 -0.0007
5 0.42 -0.0149 -0.0173 -0.0024
6 0.50 -0.0132 -0.0163 -0.0031
7 0.58 -0.0130 -0.0152 -0.0023
8 0 .6 6 -0.0130 -0.0142 -0.0012
9 0.75 -0.0116 -0.0132 -0.0016
10 0.83 -0.0119 -0.0123 -0.0003
11 0.91 -0.0080 -0.0113 -0.0034 log K i
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Table B.13 Microcalorimetric titration data and plot of assumed values of log U 
vs. logK5 for the titration of L l with holmium in MeCN at 298.15 K.
Step Mj / Lj Qexp( J) Qcal (J) Qexp Qcal (I)
1 0.09 -0.0209 -0.0179 0.0030
2 0.17 -0.0416 -0.0353 0.0064
3 0.26 -0.0604 -0.0520 0.0084
4 0.35 -0.0777 -0.0680 0.0097
5 0.43 -0.0931 -0.0833 0.0099
6 0.52 -0.1061 -0.0976 0.0085
7 0.60 -0.1174 -0.1110 0.0064
8 0.69 -0.1289 -0.1234 0.0055
9 0.78 -0.1405 -0.1348 0.0057
10 0.86 -0.1495 -0.1451 0.0044
11 0.95 -0.1523 -0.1544 -0.0021
12 1.04 -0.1567 -0.1628 -0.0061
log K.
Table B.14 Microcalorimetric titration data and plot of assumed values of logt7 
vs. logK, for the titration of L l with erbium in MeCN at 298.15 K.
Step Mj / Lj Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0185 -0.0199 -0.0014
2 0.16 -0.0391 -0.0392 -0.0001
3 0.23 -0.0589 -0.0578 0.0011
4 0.31 -0.0775 -0.0757 0.0017
5 0.39 -0.0947 -0.0928 0.0019
6 0.47 -0.1110 -0.1091 0.0020
7 0.54 -0.1265 -0.1244 0.0022
8 0.62 -0.1415 -0.1388 0.0028
9 0.70 -0.1548 -0.1521 0.0027
10 0.78 -0.1678 -0.1645 0.0033
11 0.86 -0.1784 -0.1759 0.0026
12 0.93 -0.1826 -0.1863 -0.0037
13 1.01 -0.1859 -0.1957 -0.0099
log Kt
Table B.15 Microcalorimetric titration data and plot of assumed values of log U 
vs. log K s for the titration of L l with ytterbium in MeCN at 298.15 K.
Step Mj / Lj Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.10 -0.0073 -0.0068 0.0005
2 0.20 -0.0151 -0.0134 0.0017
3 0.30 -0.0217 -0.0198 0.0019
4 0.40 -0.0288 -0.0260 0.0028
5 0.50 -0.0340 -0.0318 0.0022
6 0.60 -0.0395 -0.0374 0.0022
7 0.70 -0.0455 -0.0424 0.0030
8 0.80 -0.0502 -0.0470 0.0032
9 0.90 -0.0531 -0.0510 0.0021
10 1.00 -0.0539 -0.0544 -0.0005 lo g  K t
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Table B.16 Macrocalorimetric titration data and plot of assumed values of 
log U  vs. iogKs for the titration of L I with yttrium in MeCN at 298.15 K.
Step My / Lf Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.06 -0.2785 -0.2240 0.0545
2 0.11 -0.5258 -0.4463 0.0796
3 0.17 -0.7281 -0.6561 0.0720 ^  |
4 0.23 -0.8956 -0.8693 0.0263 |
5 0.28 -1.0759 -1.0732 0.0027 |
6 0.34 -1.2550 -1.2736 -0.0185 O)o 1i
7 0.41 -1.4480 -1.4895 -0.0415 I
8 0.49 -1.7011 -1.7485 -0.0474
9 0.57 -1.9600 -1.9944 -0.0344 j
10 0.65 -2.2085 -2.2276 -0.0191 i".......r ■ 1 \ - — t------ j
11 0.73 -2.4673 -2.4556 0.0118 0 2 4 6 8 10
12 0.81 -2.7100 -2.6693 0.0407 log K s
13 0.89 -2.9365 -2.8741 0.0624
14 0.97 -3.0221 -3.0736 -0.0515
Table B.17 Macrocalorimetric titration data and plot of assumed values of 
log U vs. logKs for the titration of L I with dysprosium in MeCN at
298.15 K.
Step Mj / Lj Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.1343 -0.1378 -0.0035
2 0.16 -0.2743 -0.2716 0.0027
3 0.25 -0.3926 -0.4003 -0.0077
4 0.33 -0.5385 -0.5243 0.0142
5 0.41 -0.6476 -0.6394 0.0082 o>o6 0.49 -0.7533 -0.7491 0.0042
7 0.58 -0.8511 -0.8529 -0.0018
8 0.66 -0.9408 -0.9487 -0.0080
9 0.76 -1.0548 -1.0612 -0.0065
10 0.86 -1.1630 -1.1631 0.0000
11 0.97 -1.2749 -1.2560 0.0189
12 1.05 -1.3022 -1.3180 -0.0158
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B.3. COM PLEXATION OF LANTHANIDE(lll) CATIONS WITH L3 IN 
ACETONITRILE (M ECN) A T  298.15 K BY TITRATION MICRO 
CALO RIM ETRY AND C LA SS IC A L  CALORIM ETRY
Table B.18 Microcalorimetric titration data for the complexation of L3 with 
scandium in MeCN at 298.15 K.
Step M T / L t  QexpO) Qcal (J) Qexp-Qcal Q)
1 0.07 -0.0128 -0.0125 0.0003
2 0.14 -0.0251 -0.0246 0.0004
3 0.21 -0.0373 -0.0364 0.0009
4 0.28 -0.0487 -0.0478 0.0009
5 0.35 -0.0599 -0.0588 0.0012
6 0.42 -0.0704 -0.0693 0.0012
7 0.49 -0.0805 -0.0793 0.0013
8 0.56 -0.0905 -0.0887 0.0018
9 0.63 -0.0996 -0.0977 0.0019
10 0.70 -0.1081 -0.1060 0.0021
11 0.77 -0.1152 -0.1138 0.0013
12 0.84 -0.1224 -0.1211 0.0013
13 0.91 -0.1293 -0.1277 0.0016
14 0.98 -0.1325 -0.1339 -0.0014
15 1.05 -0.1307 -0.1395 -0.0088
Table B.19 Microcalorimetric titration data for the complexation of L3 with 
yttrium in MeCN at 298.15 K.
S te p  M j /  Lt Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.07 -0.0114 -0.0114 0.0000
2 0.13 -0.0219 -0.0225 -0.0006
3 0.20 -0.0322 -0.0333 -0.0011
4 0.27 -0.0421 -0.0439 -0.0018
5 0.34 -0.0523 -0.0543 -0.0020
6 0.40 -0.0629 -0.0644 -0.0015
7 0.47 -0.0738 -0.0743 -0.0005
8 0.54 -0.0846 -0.0840 0.0006
9 0.61 -0.0946 -0.0935 0.0011
10 0.67 -0.1037 -0.1028 0.0009
11 0.74 -0.1133 -0.1119 0.0014
12 0.81 -0.1234 -0.1207 0.0027
13 0.88 -0.1324 -0.1295 0.0030
14 0.94 -0.1391 -0.1380 0.0012
15 1.01 -0.1401 -0.1463 -0.0062
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Table B.20 M icrocalorim etric titration data for the complexation of L3  with
praseodymium in M eCN at 298.15 K .
Step Mj / Lp Qexp (J) Qcal (J) Qexp Qcal (L
1 0.06 -0.0043 -0.0034 0.0009
2 0.13 -0.0075 -0.0068 0.0008
3 0.19 -0.0107 -0.0099 0.0007
4 0.25 -0.0133 -0.0130 0.0003
5 0.31 -0.0159 -0.0159 0.0000
6 0.38 -0.0186 -0.0187 -0.0001
7 0.44 -0.0211 -0.0214 -0.0002
8 0.50 -0.0240 -0.0239 0.0001
9 0.57 -0.0264 -0.0263 0.0001
10 0.63 -0.0285 -0.0286 -0.0001
11 0.69 -0.0306 -0.0308 -0.0002
12 0.76 -0.0329 -0.0329 0.0000
13 0.82 -0.0346 -0.0349 -0.0002
14 0.88 -0.0367 -0.0367 0.0000
15 0.94 -0.0385 -0.0385 0.0000
16 1.01 -0.0402 -0.0402 0.0000
Table B.21 Microcalorimetric titration data for the complexation of L3 with 
neodymium in MeCN at 298.15 K.
Step Mp / Lj Qexp (J) Qcal (J) Qexp Qcal *
1 0.11 -0.0053 -0.0040 0.0013
2 0.16 -0.0071 -0.0059 0.0012
3 0.22 -0.0086 -0.0077 0.0010
4 0.27 -0.0108 -0.0094 0.0014
5 0.33 -0.0121 -0.0111 0.0010
6 0.38 -0.0136 -0.0127 0.0009
7 0.44 -0.0155 -0.0143 0.0012
8 0.49 -0.0164 -0.0158 0.0006
9 0.55 -0.0171 -0.0172 -0.0001
10 0.60 -0.0185 -0.0186 -0.0001
11 0.66 -0.0192 -0.0198 -0.0007
12 0.71 -0.0206 -0.0211 -0.0005
13 0.77 -0.0216 -0.0223 -0.0007
14 0.82 -0.0227 -0.0234 -0.0007
15 0.88 -0.0239 -0.0245 -0.0005
16 0.93 -0.0251 -0.0255 -0.0004
17 0.99 -0.0263 -0.0264 -0.0002
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Table B.22 M icrocalorim etric titration data for the complexation of L3  with
samarium in M eCN at 298.15 K .
S te p  M j  /  L j  Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.07 -0.0134 -0.0131 0.0004
2 0.14 -0.0131 -0.0129 0.0002
3 0.21 -0.0127 -0.0127 -0.0001
4 0.29 -0.0132 -0.0125 0.0007
5 0.36 -0:0133 -0.0122 0.0011
6 0.43 -0.0131 -0.0119 0.0012
7 0.50 -0.0123 -0.0115 0.0008
8 0.57 -0.0113 -0.0110 0.0003
9 0.64 -0.0108 -0.0105 0.0004
10 0.71 -0.0121 -0.0098 0.0023
11 0.78 -0.0121 -0.0090 0.0030
12 0.86 -0.0030 -0.0082 -0.0052
13 0.93 -0.0022 -0.0073 -0.0051
14 1.00 -0.0019 -0.0064 -0.0045
Table B.23 Microcalorimetric titration data for the complexation of L3 with 
europium in MeCN at 298.15 K.
S te p  M j / L j  Q exp (J )  Q cal( J ) QeXp-QcaiQ)
1 0.07 -0.0052 -0.0049 0.0004
2 0.14 -0.0102 -0.0096 0.0006
3 0.22 -0.0145 -0.0141 0.0004
4 0.29 -0.0186 -0.0185 0.0001
5 0.36 -0.0222 -0.0227 -0.0005
6 0.43 -0.0262 -0.0268 -0.0006
7 0.51 -0.0301 -0.0307 -0.0007
8 0.58 -0.0342 -0.0345 -0.0003
9 0.65 -0.0386 -0.0382 0.0004
10 0.72 -0.0421 -0.0418 0.0003
11 0.80 -0.0450 -0.0452 -0.0002
12 0.87 -0.0489 -0.0486 0.0004
13 0.94 -0.0528 -0.0518 0.0010
14 1.01 -0.0553 -0.0549 0.0004
15 1.08 -0.0567 -0.0579 -0.0012
APPENDIX B. POTENTIOMETRIC AND CALORIM ETRIC TITRATION DATA 323
Table B.24 M icrocalorim etric titration data for the complexation of L3  with
gadolinium in M eCN at 298.15 K .
S te p  M t / L t  Q exp (J )  Q cai (J )  Qexp~Qcai(J )
1 0.07 -0.0082 -0.0058 0.0024
2 0.14 -0.0128 -0.0114 0.0014
3 0.21 -0.0174 -0.0168 0.0006
4 0.28 -0.0227 -0.0220 0.0007
5 0.35 -0.0275 -0.0270 0.0004
6 0.42 -0.0323 -0.0319 0.0004
7 0.50 -0.0370 -0.0366 0.0004
8 0.57 -0.0413 -0.0411 0.0002
9 0.64 -0.0452 -0.0455 -0.0003
10 0.71 -0.0482 -0.0497 -0.0015
11 0.78 -0.0521 -0.0539 -0.0017
12 0.85 -0.0560 -0.0578 -0.0018
13 0.92 -0.0612 -0.0617 -0.0005
14 0.99 -0.0666 -0.0654 0.0013
15 1.06 -0.0707 -0.0690 0.0017
16 1.13 -0.0727 -0.0725 0.0002
Table B.25 Microcalorimetric titration data for the complexation of L3 with 
terbium in MeCN at 298.15 K.
S te p  M j  /  L p  Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.07 -0.0161 -0.0165 -0.0004
2 0.14 -0.0313 -0.0324 -0.0011
3 0.20 -0.0458 -0.0479 -0.0021
4 0.27 -0.0597 -0.0628 -0.0032
5 0.34 -0.0740 -0.0773 -0.0033
6 0.41 -0.0889 -0.0914 -0.0025
7 0.48 -0.1043 -0.1050 -0.0007
8 0.54 -0.1191 -0.1182 0.0008
9 0.61 -0.1328 -0.1311 0.0017
10 0.68 -0.1456 -0.1435 0.0021
11 0.75 -0.1584 -0.1556 0.0028
12 0.81 -0.1729 -0.1673 0.0055
13 0.88 -0.1834 -0.1787 0.0047
14 0.95 -0.1881 -0.1897 -0.0016
15 1.02 -0.1925 -0.2005 -0.0080
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Table B.26 M icrocalorim etric titration data for the complexation of L3  with
dysprosium in M eCN at 298.15 K .
Step Mj / Lj Qexp (J) Qcal (J) Qexp-Qcal a:
1 0.07 -0.0099 -0.0104 -0.0005
2 0.13 -0.0101 -0.0101 0.0000
3 0.20 -0.0101 -0.0098 0.0003
4 0.27 -0.0099 -0.0095 0.0004
5 0.34 -0.0093 -0.0092 0.0001
6 0.40 -0.0079 -0.0090 -0.0011
7 0.47 -0.0085 -0.0087 -0.0002
8 0.54 -0.0084 -0.0085 0.0000
9 0.60 -0.0087 -0.0083 0.0004
10 0.67 -0.0085 -0.0080 0.0005
11 0.74 -0.0087 -0.0078 0.0009
12 0.81 -0.0079 -0.0076 0.0003
13 0.87 -0.0069 -0.0074 -0.0005
14 0.94 -0.0080 -0.0072 0.0008
15 1.01 -0.0084 -0.0070 0.0014
16 1.07 -0.0041 -0.0069 -0.0028
Table B.27 Microcalorimetric titration data for the complexation of L3 with 
holmium in MeCN at 298.15 K.
Step Mj / Lj Qexp (J) Qcal (J) Qexp Qcal I
1 0.07 -0.0152 -0.0157 -0.0004
2 0.14 -0.0300 -0.0307 -0.0007
3 0.21 -0.0447 -0.0452 -0.0006
4 0.28 -0.0591 -0.0592 -0.0001
5 0.35 -0.0721 -0.0726 -0.0006
6 0.42 -0.0844 -0.0856 -0.0012
7 0.49 -0.0973 -0.0980 -0.0007
8 0.56 -0.1093 -0.1100 -0.0007
9 0.63 -0.1218 -0.1216 0.0002
10 0.70 -0.1324 -0.1327 -0.0003
11 0.77 -0.1436 -0.1434 0.0002
12 0.84 -0.1544 -0.1537 0.0007
13 0.90 -0.1672 -0.1637 0.0035
14 0.97 -0.1774 -0.1733 0.0041
15 1.04 -0.1818 -0.1825 -0.0007
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Table B.28 Microcalorimetric titration data for the complexation of L3 with 
erbium in MeCN at 298.15 K.
Step Mt / Lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.07 -0.0120 -0.0145 -0.0025
2 0.14 -0.0242 -0.0283 -0.0041
3 0.22 -0.0365 -0.0415 -0.0050
4 0.29 -0.0486 -0.0541 -0.0055
5 0.36 -0.0609 -0.0661 -0.0052
6 0.43 -0.0733 -0.0776 -0.0043
7 0.51 -0.0852 -0.0885 -0.0033
8 0.58 -0.0958 -0.0988 -0.0030
9 0.65 -0.1062 -0.1086 -0.0025
10 0.72 -0.1173 -0.1179 -0.0006
11 0.79 -0.1286 -0.1268 0.0019
12 0.87 -0.1399 -0.1351 0.0048
13 0.94 -0.1474 -0.1430 0.0044
14 1.01 -0.1579 -0.1505 0.0073
15 • 1.08 -0.1621 -0.1577 0.0045
16 1.16 -0.1673 -0.1644 0.0029
Table B.29 Microcalorimetric titration data for the complexation of L3 with 
ytterbium in MeCN at 298.15 K.
Step Mt/Lt Qexp (J) Qcal (J) Qexp ~ Qcal Q )
1 0.08 -0.0053 -0.0036 0.0017
2 0.15 -0.0039 -0.0035 0.0005
3 0.23 -0.0033 -0.0033 0.0000
4 0.31 -0.0027 -0.0031 -0.0004
5 0.38 -0.0030 -0.0030 0.0000
6 0.46 -0.0026 -0.0028 -0.0002
7 0.54 -0.0018 -0.0027 -0.0008
8 0.61 -0.0018 -0.0025 -0.0007
9 0.69 -0.0019 -0.0024 -0.0005
10 0.77 -0.0016 -0.0022 -0.0006
11 0.84 -0.0021 -0.0021 0.0000
12 0.92 -0.0023 -0.0020 0.0003
Table B.30 Macrocalorimetric titration data for the complexation of L3 with 
scandium in MeCN at 298.15 K.
Step Mr / Lt Qexp (J) Qcal (J) Qexp ~ Qcal (I)
1 0.11 -0.2083 -0.1902 0.0181
2 0.16 -0.2990 -0.2818 0.0173
3 0.21 -0.3897 -0.3704 0.0194
4 0.27 -0.4827 -0.4667 0.0160
5 0.33 -0.5880 -0.5603 0.0277
6 0.40 -0.6821 -0.6547 0.0274
7 0.46 -0.7851 -0.7502 0.0349
8 0.53 -0.8736 -0.8360 0.0375
9 0.62 -0.9553 -0.9516 0.0037
10 0.72 -1.0461 -1.0746 -0.0286
11 0.84 -1.1233 -1.1973 -0.0740
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Table B.31 M acrocalorim etric titration data for the complexation of L3  with
terbium in M eCN at 298.15 K .
S te p  M t / L t  Q exp( J ) Q cai (J )  Qexp~Q CaiQ)
1 0.05 -0.3256 -0.2596 0.0659
2 0.07 -0.4053 -0.3615 0.0438
3 0.10 -0.5395 -0.5142 0.0252
4 0.14 -0.6734 -0.6621 0.0113
5 0.17 -0.8166 -0.8087 0.0079
6 0.20 -0.9573 -0.9506 0.0067
7 0.23 -1.0913 -1.0904 0.0009
8 0.27 -1.2617 -1.2574 0.0043
9 0.30 -1.3981 -1.3918 0.0063
10 0.33 -1.5346 -1.5246 0.0100
11 0.37 -1.6737 -1.6665 0.0072
12 0.40 -1.8209 -1.8059 0.0150
13 0.44 -1.9529 -1.9382 0.0146
14 0.47 -2.0894 -2.0675 0.0219
15 0.51 -2.2203 -2.1938 0.0265
16 0.54 -2.3410 -2.3169 0.0241
17 0.59 -2.4992 -2.4754 0.0238
18 0.63 -2.6480 -2.6268 0.0212
19 0.68 -2.8027 -2.7882 0.0145
20 0.74 -2.9149 -2.9481 -0.0331
21 0.79 -2.9747 -3.1016 -0.1268
Table B.32 Macrocalorimetric titration data for the complexation of L3 with 
dysprosium in MeCN at 298.15 K.
S te p  Mj / Lj Qexp (J) Qcal (J) Qexp “  Qcal (J)
1 0.03 -0.1011 -0.0775 0.0236
2 0.06 -0.1973 -0.1762 0.0211
3 0.10 -0.3008 -0.2748 0.0260
4 0.14 -0.3972 -0.3711 0.0261
5 0.17 -0.4867 -0.4658 0.0210
6 0.22 -0.5914 -0.5747 0.0167
7 0.26 -0.7066 -0.6918 0.0148
8 0.31 -0.8192 -0.8040 0.0151
9 0.36 -0.9324 -0.9159 0.0166
10 0.41 -1.0504 -1.0289 0.0215
11 0.46 -1.1628 -1.1391 0.0238
12 0.51 -1.2669 -1.2442 0.0227
13 0.57 -1.3834 -1.3527 0.0308
14 0.62 -1.5033 -1.4640 0.0393
15 0.69 -1.5883 -1.5782 0.0101
16 0.75 -1.6311 -1.6785 -0.0474
17 0.79 -1.6489 -1.7582 -0.1093
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B.4. COM PLEXATION OF LANTHANIDE(III) CATIO NS WITH L2 IN 
ACETONITRILE (M ECN) A T  298.15 K BY TITRATIO N  MICRO 
CALORIM ETRY
Table B.33 Microcalorimetric titration data for the complexation of L2 with 
scandium in MeCN at 298.15 K.
S te p  Mp /  Lp Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.09 -0.0259 -0.0249 0.0010
2 0.18 -0.0503 -0.0496 0.0007
3 0.27 -0.0738 -0.0741 -0.0003
4 0.37 -0,0968 -0.0982 -0.0014
5 0.46 -0.1199 -0.1219 -0.0021
6 0.55 -0.1416 -0.1452 -0.0035
7 0.64 -0.1626 -0.1677 -0.0051
8 0.73 -0.1830 -0.1895 -0.0065
9 0.82 -0.2026 -0.2102 -0.0077
10 0.91 -0.2232 -0.2298 -0.0066
11 1.00 -0.2431 -0.2480 -0.0050
12 1.10 -0.2630 -0.2649 -0.0019
13 1.19 -0.2822 -0.2804 0.0019
14 1.28 -0.3014 -0.2945 0.0069
15 1.37 -0.3195 -0.3075 0.0120
16 1.46 -0.3357 -0.3194 0.0163
17 1.55 -0.3415 -0.3302 0.0113
18 1.64 -0.3462 -0.3400 0.0062
19 1.74 -0.3508 -0.3488 0.0020
20 1.83 -0.3547 -0.3565 -0.0018
21 1.92 -0.3590 -0.3632 -0.0042
22 2.01 -0.3630 -0.3690 -0.0059
23 2.10 -0.3665 -0.3738 -0.0073
24 2.19 -0.3695 -0.3778 -0.0083
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Table B.34 M icrocalorim etric titration data for the complexation of L2  with
yttrium in M eCN at 298.15 K .
Step Mr / Lt Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.09 -0.0200 -0.0245 -0.0046
2 0.18 -0.0404 -0.0415 -0.0011
3 0.27 -0.0588 -0.0568 0.0020
4 0.37 -0.0747 -0.0713 0.0034
5 0.46 -0.0886 -0.0853 0.0034
6 0.55 -0.1010 -0.0987 0.0023
7 0.64 -0.1128 -0.1117 0.0010
8 0.73 -0.1246 -0.1244 0.0002
9 0.82 -0.1361 -0.1368 -0.0007
10 0.91 -0.1479 -0.1489 -0.0010
11 1.00 -0.1590 -0.1606 -0.0017
12 1.10 -0.1703 -0.1721 -0.0018
13 1.19 -0.1810 -0.1833 -0.0023
14 1.28 -0.1922 -0.1942 -0.0020
15 1.37 -0.2033 -0.2047 -0.0014
16 1.46 -0.2135 -0.2149 -0.0014
17 1.55 -0.2246 -0.2246 0.0000
18 1.64 -0.2354 -0.2338 0.0016
19 1.74 -0.2458 -0.2423 0.0035
20 1.83 -0.2527 -0.2500 0.0028
21 1.92 -0.2556 -0.2564 -0.0007
22 2.01 -0.2587 -0.2609 -0.0022
23 2.10 -0.2622 -0.2630 -0.0008
24 2.19 -0.2647 -0.2632 0.0015
Table B.35 Microcalorimetric titration data for the complexation of L2 with 
terbium in MeCN at 298.15 K.
Step Mt / Lt Qexpi J) Qcal (J) Qexp Qcal *
1 0.09 -0.0238 -0.0278 -0.00402 0.18 -0.0471 -0.0483 -0.0012
3 0.27 -0.0690 -0.0662 0.0028
4 0.37 -0.0871 -0.0828 0.0044
5 0.46 -0.1009 -0.0982 0.0028
6 0.55 -0.1136 -0.1128 0.0008
7 0.64 -0.1262 -0.1267 -0.0005
8 0.73 -0.1385 -0.1399 -0.0015
9 0.82 -0.1504 -0.1526 -0.0022
10 0.92 -0.1623 -0.1648 -0.0024
11 1.01 -0.1740 -0.1764 -0.0024
12 1.10 -0.1853 -0.1875 -0.0022
13 1.19 -0.1967 -0.1980 -0.0013
14 1.28 -0.2078 -0.2080 -0.0002
15 1.37 -0.2195 -0.2174 0.0021
16 1.47 -0.2306 -0.2262 0.0044
17 1.56 -0.2379 -0.2343 0.0036
18 1.65 -0.2421 -0.2417 0.0005
19 1.74 -0.2469 -0.2481 -0.0013
20 1.83 -0.2515 -0.2537 -0.0022
21 1.92 -0.2562 -0.2581 -0.0019
22 2.02 -0.2608 -0.2614 -0.0006
23 2.11 -0.2655 -0.2636 0.0019
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B.5. COM PLEXATION OF YTTRIUM  WITH L4, L5 AND L6 IN 
ACETONITRILE (M ECN) A T  298.15 K BY TITRATIO N  MICRO 
CALORIM ETRY
Table B.36 Microcalorimetric titration data for the complexation of L4 with 
yttrium in MeCN at 298.15 K.
Step M t / L t  Qexp (J) QcalO) Qexp-Qcal 0 )
1 0.11 -0.0265 -0.0241 0.0024
2 0.22 -0.0508 -0.0477 0.0031
3 0.32 -0.0739 -0.0707 0.0031
4 0.43 -0.0956 -0.0933 0.0023
5 0.54 -0.1170 -0.1154 0.0016
6 0.65 -0.1380 -0.1371 0.0010
7 0.76 -0.1581 -0.1582 -0.0001
8 0.86 -0.1791 -0.1790 0.0002
9 0.97 -0.1991 -0.1993 -0.0002
10 1.08 -0.2186 -0.2192 -0.0006
11 1.19 -0.2378 -0.2387 -0.0009
12 1.30 -0.2567 -0.2579 -0.0011
13 1.41 -0.2754 -0.2766 -0.0012
Table B.37 Microcalorimetric titration data for the complexation of L5 with 
yttrium in MeCN at 298.15 K.
S te p  M p  /  L p  Qexp (J) Qcal (J) Qexp ~ Qcal (J)
"1 009 -0.0053 -0.0033 0.0020
2 0.19 -0.0129 -0.0064 0.0065
3 0.28 -0.0159 -0.0094 0.0065
4 0.37 -0.0179 -0.0123 0.0057
5 0.46 -0.0199 -0.0150 0.0049
6 0.56 -0.0209 -0.0175 0.0034
7 0.65 -0.0219 -0.0198 0.0021
8 0.74 -0.0225 -0.0219 0.0006
9 0.84 -0.0231 -0.0238 -0.0007
10 0.93 -0.0238 -0.0255 -0.0017
11 1.02 -0.0256 -0.0271 -0.0015
12 1.11 -0.0268 -0.0284 -0.0017
13 1.21 -0.0272 -0.0297 -0.0024
14 1.30 -0.0288 -0.0307 -0.0020
15 1.39 -0.0301 -0.0317 -0.0015
16 1.49 -0.0321 -0.0325 -0.0004
17 1.58 -0.0327 -0.0332 -0.0006
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Table B.38 M icrocalorim etric titration data for the complexation of L6  with
yttrium in M eCN at 298.15 K .
S te p M j  /  L j Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.06 -0.0039 -0.0015 0.0024
2 0 .11 -0.0058 -0.0030 0.0029
3 0.17 -0.0071 -0.0044 0.0027
4 0.23 -0.0082 -0.0057 0.0025
5 0.28 -0.0092 -0.0071 0.0021
6 0.34 -0.0100 -0.0083 0.0017
7 0.40 -0.0106 -0.0095 0 .0 0 1 1
8 0.46 -0.0113 -0.0107 0.0006
9 0.51 -0.0120 -0.0118 0.0002
10 0.57 -0.0126 -0.0129 -0.0002
11 0.63 -0.0128 -0.0139 -0 .0 0 1 1
12 0.68 -0.0139 -0.0149 -0.0010
13 0.74 -0.0151 -0.0158 -0.0007
14 0.80 -0.0156 -0.0167 -0.0010
15 0.85 -0.0167 -0.0175 -0.0008
16 0.91 -0.0177 -0.0183 -0.0006
B.6. COM PLEXATION OF LANTHANIDE(III) CATIONS WITH L1, L2 AND 
L7 IN ty/V-DIMETHYLFORM AMIDE (DMF) A T  298.15 K BY 
TITRATION M ICROCALORIM ETRY
Table B.39 Microcalorimetric titration data for the complexation of L l with 
scandium in DMF at 298.15 K.
S te p  M j  /  L j  Qexp (J) Qcal (J) Qexp ~ Qcal (J)
1 0.05 -0.0147 -0.0099 -0.0048
2 0.11 -0.0115 -0.0096 -0.0018
3 0.16 -0.0095 -0.0093 -0.0001
4 0.21 -0.0100 -0.0090 -0.0009
5 0.27 -0.0100 -0.0087 -0.0013
6 0.32 -0.0086 -0.0084 -0.0002
7 0.37 -0.0075 -0.0081 0.0006
8 0.43 -0.0068 -0.0078 0.0009
9 0.48 -0.0061 -0.0075 0.0014
10 0.53 -0.0064 -0.0071 0.0007
11 0.58 -0.0054 -0.0068 0.0015
12 0.64 -0.0054 -0.0065 0.0012
13 0.69 -0.0048 -0.0063 0.0015
14 0.74 -0.0042 -0.0060 0.0018
15 0.80 -0.0044 -0.0057 0.0013
16 0.85 -0.0034 -0.0054 0.0020
17 0.90 -0.0044 -0.0052 0.0008
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Table B.40 Microcalorimetric titration data for the complexation of LI with 
yttrium in DMF at 298.15 K.
Step Mt / Lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.06 -0.0097 -0.0021 -0.0076
2 0.13 -0.0026 -0.0020 -0.0006
3 0.19 -0.0016 -0.0019 0.0003
4 0.25 -0.0012 -0.0019 0.0007
5 0.31 -0.0010 -0.0018 0.0008
6 0.38 -0.0008 -0.0017 0.0009
7 0.44 -0.0003 -0.0016 0.0014
8 0.50 -0.0002 -0.0015 0.0013
9 0.57 -0.0006 -0.0015 0.0009
10 0.63 -0.0002 -0.0014 0.0012
11 0.69 -0.0011 -0.0013 0.0002
12 0.75 -0.0001 -0.0013 0.0011
13 0.82 -0.0010 -0.0012 0.0002
14 0.88 -0.0002 -0.0011 0.0010
15 0.94 -0.0001 -0.0011 0.0010
16 1.01 -0.0001 -0.0010 0.0009
Table B.41 Microcalorimetric titration data for the complexation of LI with 
europium in DMF at 298.15 K.
Step Mt / Lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0126 -0.0028 -0.0097
2 0.17 -0.0025 -0.0027 0.0002
3 0.25 -0.0018 -0.0026 0.0007
4 0.33 -0.0009 -0.0024 0.0016
5 0.41 -0.0008 -0.0023 0.0015
6 0.50 -0.0008 -0.0022 0.0014
7 0.58 -0.0007 -0.0020 0.0013
8 0.66 -0.0004 -0.0019 0.0015
9 0.74 -0.0004 -0.0018 0.0014
10 0.83 -0.0005 -0.0016 0.0011
11 0.91 -0.0003 -0.0015 0.0012
12 0.99 -0.0001 -0.0014 0.0013
13 1.07 -0.0001 -0.0013 0.0012
\2 Microcalorimetric titration data for the complexation o
lolinium in DMF at 298.15 K.
Step Mt / Lt Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.09 -0.0136 -0.0028 -0.0108
2 0.17 -0.0018 -0.0027 0.0009
3 0.26 -0.0013 -0.0025 0.0013
4 0.34 -0.0008 -0.0024 0.0016
5 0.43 -0.0007 -0.0022 0.0016
6 0.51 -0.0005 -0.0021 0.0016
7 0.60 -0.0003 -0.0020 0.0016
8 0.68 -0.0003 -0.0018 0.0015
9 0.77 -0.0004 -0.0017 0.0013
10 0.85 -0.0003 -0.0016 0.0013
11 0.94 -0.0001 -0.0015 0.0014
12 1.02 -0.0002 -0.0014 0.0011
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Table B.43 Microcalorimetric titration data for the complexation of LI with 
terbium in DMF at 298.15 K.
Step M j /  Lp Qexp (J) Qcal (J) Qexp Qcal (I)
1 0.07 -0.0037 -0.0009 -0.0028
2 0.14 -0.0012 -0.0009 -0.0003
3 0.21 -0.0008 -0.0009 0.0001
4 0.28 -0.0005 -0.0008 0.0003
5 0.35 -0.0004 -0.0008 0.0004
6 0.43 -0.0005 -0.0007 0.0002
7 0.50 -0.0003 -0.0007 0.0004
8 0.57 -0.0004 -0.0007 0.0002
9 0.64 -0.0002 -0.0006 0.0004
10 0.71 -0.0000 -0.0006 0.0005
11 0.78 -0.0000 -0.0006 0.0005
12 0.85 -0.0001 -0.0005 0.0004
13 0.92 -0.0000 -0.0005 0.0004
14 0.99 -0.0000 -0.0005 0.0004
15 1.06 -0.0000 -0.0004 0.0004
Table B.44 Microcalorimetric titration data for the complexation of LI with 
ytterbium in DMF at 298.15 K.
Step Mp /  Lp Qexp (J) Qcal (J) Qexp Qcal (I)
1 0.06 -0.0467 -0.0111 -0.0356
2 0.12 -0.0203 -0.0107 -0.0097
3 0.19 -0.0100 -0.0102 0.0002
4 0.25 -0.0059 -0.0098 0.0039
5 0.31 -0.0026 -0.0094 0.0068
6 0.37 -0.0037 -0.0090 0.0053
7 0.44 -0.0023 -0.0086 0.0062
8 0.50 -0.0032 -0.0082 0.0050
9 0.56 -0.0048 -0.0078 0.0030
10 0.62 -0.0010 -0.0074 0.0064
11 0.69 -0.0012 -0.0070 0.0058
12 0.75 -0.0010 -0.0067 0.0056
13 0.81 -0.0012 -0.0063 0.0052
14 0.87 -0.0013 -0.0060 0.0047
15 0.94 -0.0024 -0.0057 0.0032
16 1.00 -0.0013 -0.0054 0.0041
5 Microcalorimetric titration data for the complexation of L2
indium in DMF at 298.15 K.
Step Mp /  Lp Qexp (J) Qcal Q ) Qexp Qcal (J)
1 0.12 -0.0181 -0.0133 -0.0048
2 0.24 -0.0138 -0.0126 -0.0012
3 0.36 -0.0117 -0.0118 0.0001
4 0.48 -0.0108 -0.0109 0.0000
5 0.60 -0.0097 -0.0099 0.0003
6 0.72 -0.0068 -0.0089 0.0022
7 0.84 -0.0052 -0.0080 0.0028
8 0.96 -0.0039 -0.0070 0.0031
9 1.08 -0.0043 -0.0062 0.0018
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Table B.46 M icrocalorim etric titration data for the complexation of L2  with
yttrium in D M F at 298.15 K .
Step M j /  L>r Qexp (J) Qcal (J) Qexp ~~ Qcal (J)
1 0.12 -0.0125 -0.0041 -0.0084
2 0.23 -0.0034 -0.0038 0.0005
3 0.35 -0.0017 -0.0036 0.0019
4 0.46 -0.0012 -0.0033 0.0021
5 0.58 -0.0013 -0.0030 0.0017
6 0.70 -0.0017 -0.0028 0.0011
7 0.81 -0.0006 -0.0025 0.0019
8 0.93 -0.0009 -0.0023 0.0014
9 1.04 -0.0007 -0.0020 0.0013
Table B.47 Microcalorimetric titration data for the complexation of L2 with 
europium in DMF at 298.15 K.
Step Mp / Lj Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.08 -0.0174 -0.0043 -0.0132
2 0.16 -0.0055 -0.0041 -0.0014
3 0.24 -0.0035 -0.0039 0.0004
4 0.32 -0.0021 -0.0037 0.0016
5 0.40 -0.0016 -0.0035 0.0019
6 0.48 -0.0005 -0.0033 0.0028
7 0.56 -0.0004 -0.0031 0.0026
8 0.65 -0.0006 -0.0029 0.0023
9 0.73 -0.0006 -0.0027 0.0021
10 0.81 -0.0002 -0.0025 0.0023
11 0.89 -0.0003 -0.0023 0.0021
12 0.97 -0.0002 -0.0022 0.0020
13 1.05 -0.0002 -0.0020 0.0018
Table B.48 Microcalorimetric titration data for the complexation of L2 with 
gadolinium in DMF at 298.15 K.
Step Mt/Lt Qexp (J) QcalQ) Qexp-Qcal 0)
1 0.08 -0.0133 -0.0035 -0.0098
2 0.17 -0.0061 -0.0033 -0.0028
3 0.25 -0.0024 -0.0032 0.0007
4 0.33 -0.0014 -0.0030 0.0016
5 0.42 -0.0007 -0.0028 0.0021
6 0.50 -0.0004 -0.0027 0.0023
7 0.58 -0.0006 -0.0025 0.0019
8 0.66 -0.0006 -0.0023 0.0017
9 0.75 -0.0005 -0.0022 0.0017
10 0.83 -0.0000 -0.0020 0.0020
11 0.91 -0.0001 -0.0019 0.0018
12 1.00 -0.0004 -0.0017 0.0014
13 1.08 -0.0003 -0.0016 0.0013
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Table B.49 M icrocalorim etric titration data for the complexation of L2  with
terbium in D M F at 298.15 K .
Step m t / l t QexpQ) Qcal (J) Qexp Qcal (J,
1 0.06 -0.0097 -0.0022 -0.0074
2 0.13 -0.0028 -0.0022 -0.0007
3 0.19 -0.0021 -0.0021 0.0000
4 0.25 -0.0009 -0.0020 0.0011
5 0.31 -0.0008 -0.0019 0.0011
6 0.38 -0.0007 -0.0018 0.0012
7 0.44 -0.0003 -0.0017 0.0014
8 0.50 -0.0003 -0.0017 0.0013
9 0.57 -0.0003 -0.0016 0.0013
10 0.63 -0.0003 -0.0015 0.0013
11 0.69 -0.0004 -0.0014 0.0010
12 0.75 -0.0001 -0.0014 0.0013
Table B.50 Microcalorimetric titration data for the complexation of L2 with 
ytterbium in DMF at 298.15 K.
Step Mp / Lp Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.14 -0.0187 -0.0024 -0.0163
2 0.28 -0.0097 -0.0022 -0.0076
3 0.43 -0.0031 -0.0020 -0.0012
4 0.57 -0.0020 -0.0018 -0.0002
5 0.71 -0.0014 -0.0016 0.0003
6 0.85 -0.0015 -0.0015 -0.0001
7 1.00 -0.0010 -0.0013 0.0003
8 1.14 -0.0015 -0.0012 -0.0004
9 1.28 -0.0011 -0.0010 -0.0000
Table B.51 Microcalorimetric titration data for the complexation of L7 with 
scandium in DMF at 298.15 K.
Step M t / L,t Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.21 -0.0385 -0.0341 -0.0044
2 0.26 -0.0084 -0.0079 -0.0006
3 0.31 -0.0069 -0.0076 0.0007
4 0.36 -0.0069 -0.0073 0.0004
5 0.41 -0.0060 -0.0071 0.0010
6 0.46 -0.0054 -0.0068 0.0014
7 0.52 -0.0048 -0.0065 0.0017
8 0.57 -0.0043 -0.0062 0.0020
9 0.62 -0.0034 -0.0060 0.0026
10 0.67 -0.0032 -0.0057 0.0025
11 0.72 -0.0024 -0.0054 0.0031
12 0.77 -0.0026 -0.0052 0.0026
13 0.82 -0.0016 -0.0050 0.0034
14 0.88 -0.0015 -0.0047 0.0032
15 0.93 -0.0014 -0.0045 0.0031
16 0.98 -0.0004 -0.0043 0.0038
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Table B.52 Microcalorimetric titration data for the complexation of L7 with 
yttrium in DMF at 298.15 K.
Step Mp /  Lp Qexp (J) Qcal (J) Qexp Qcal (J)
1 0.19 -0.0052 -0.0038 -0.0014
2 0.25 -0.0012 -0.0012 -0.0001
3 0.31 -0.0005 -0.0011 0.0006
4 0.38 -0.0007 -0.0011 0.0004
5 0.44 -0.0004 -0.0010 0.0006
6 0.50 -0.0004 -0.0010 0.0006
7 0.56 -0.0003 -0.0009 0.0006
8 0.63 -0.0001 -0.0009 0.0008
9 0.69 -0.0000 -0.0008 0.0008
10 0.75 -0.0004 -0.0008 0.0004
11 0.81 -0.0001 -0.0007 0.0007
12 0.88 -0.0003 -0.0007 0.0004
13 0.94 -0.0005 -0.0007 0.0001
14 1.00 -0.0002 -0.0006 0.0004
Table B.53 Microcalorimetric titration data for the complexation of L7 with 
europium in DMF at 298.15 K.
Step Alp /  Lp QexpO) Qcal (J) Qexp Qcal (I)
1 0.08 -0.0178 -0.0042 -0.0136
2 0.16 -0.0055 -0.0040 -0.0015
3 0.24 -0.0029 -0.0038 0.0009
4 0.32 -0.0012 -0.0036 0.0024
5 0.40 -0.0009 -0.0034 0.0025
6 0.48 -0.0008 -0.0032 0.0024
7 0.56 -0.0008 -0.0030 0.0023
8 0.64 -0.0007 -0.0028 0.0021
9 0.72 -0.0006 -0.0026 0.0021
10 0.80 -0.0007 -0.0025 0.0017
11 0.88 -0.0003 -0.0023 0.0020
12 0.96 -0.0004 -0.0021 0.0018
13 1.04 -0.0003 -0.0020 0.0017
4 Microcalorimetric titration data for the complexation of L7
lolinium in DMF at 298.15 K.
Step Mp /  Lp Qexp (J) Qcal (J) Qexp Qcal (I)
1 0.08 -0.0216 -0.0049 -0.0167
2 0.16 -0.0073 -0.0047 -0.0026
3 0.25 -0.0026 -0.0045 0.0019
4 0.33 -0.0015 -0.0043 0.0027
5 0.41 -0.0009 -0.0040 0.0031
6 0.49 -0.0007 -0.0038 0.0031
7 0.57 -0.0008 -0.0035 0.0027
8 0.66 -0.0005 -0.0033 0.0029
9 0.74 -0.0006 -0.0031 0.0025
10 0.82 -0.0003 -0.0029 0.0026
11 0.90 -0.0006 -0.0027 0.0021
12 0.98 -0.0002 -0.0025 0.0023
13 1.07 -0.0003 -0.0023 0.0020
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Table B.55 M icrocalorim etric titration data for the complexation of L7  with
terbium in D M F at 298.15 K .
Step M j /  Lj Qexp (J) Qcal (J) Qexp ~ Qcal (L
1 0.06 -0.0082 -0.0022 -0.0060
2 0 .1 1 -0.0068 -0.0022 -0.0047
3 0.17 -0.0017 -0.0021 0.0004
4 0.22 -0.0004 -0.0020 0.0016
5 0.28 -0.0006 -0.0019 0.0013
6 0.34 -0.0006 -0.0018 0.0012
7 0.39 -0.0006 -0.0018 0 .0 0 1 1
8 0.45 -0.0006 -0.0017 0 .0 0 1 1
9 0.51 -0.0012 -0.0016 0.0005
10 0.56 -0.0004 -0.0015 0 .0 0 1 1
11 0.62 -0.0001 -0.0015 0.0014
12 0.67 -0.0001 -0.0014 0.0013
13 0.73 -0.0001 -0.0013 0.0012
14 0.79 -0.0001 -0.0013 0 .0 0 1 1
15 0.84 -0.0002 -0.0012 0 .0 0 1 1
Table B.56 Microcalorimetric titration data for the complexation of L7 with 
ytterbium in DMF at 298.15 K.
Step M t / L t Qexp(J) Qcal (J) QeXp-QcaiQ)
1 0.06 -0.0415 -0.0081 -0.0334
2 0.12 -0.0016 -0.0078 0.0062
3 0.18 -0.0090 -0.0075 -0.0015
4 0.24 -0.0042 -0.0072 0.0031
5 0.30 -0.0042 -0.0069 0.0027
6 0.36 -0.0021 -0.0066 0.0045
7 0.42 -0.0026 -0.0063 0.0037
8 0.48 -0.0016 -0.0060 0.0044
9 0.54 -0.0025 -0.0058 0.0033
10 0.61 -0.0032 -0.0055 0.0023
11 0.67 -0.0021 -0.0052 0.0031
12 0.73 -0.0018 -0.0050 0.0031
13 0.79 -0.0010 -0.0047 0.0038
14 0.85 -0.0008 -0.0045 0.0037
15 0.91 -0.0005 -0.0043 0.0037
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C.1. STANDARD ENTHALPIES OF SOLUTION OF LANTHANIDE(III) TRIFLUORO 
METHANESULFONATE SALTS IN ACETONITRILE (MECN) AT 298.15 K
Table C.l Enthalpies of solution of Sc(CF3S03)3 in MeCN at 298.15 K.
Weight (g ) ca(mol dm'3) /1/2 (mol1/2 dm‘3/2) (kJ mol"1)
0.00448 1.82 x 10'4 0.0330 -99.29
0.00674 2.74 x 10*4 0.0405 -88.82
0.00967 3.93 x 10'4 0.0486 -82.54
0.01432 5.82 x 10'4 0.0591 -84.28
0.02038 8.28 x 10'4 0.0705 -64.76
ASH °  = -123.55 ±9.16 kJm ol16
0 - 
•e  -40 -o
S
12 -80 - 
<f-120 - 
-160 -
0 .0 3  0 .0 4  0 .0 5  0 .0 6  0 .0 7
/1/2(mol1/2dm-3/2)
Fig. C.l Plot of As H  values vs. I m for Sc(CF3S03)3 in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value.
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Table C.2 Enthalpies of solution of Y (C F 3S 0 3)3, in M eCN at 298.15 K .
Weight (g) ca (mol dm'3) /1/2 (mol1/2 dm-3'2) A SH  (kJ m ol1)
0.00533 1.99 x 10'4 0.0346 -46.70
0.00582 2.17 x 10'4 0.0361 -50.12
0.00775 2.89 x 10'4 0.0416 -44.03
0.01166 4.35 x IO'4 0.0511 -43.21
0.01817 6.78 x IO'4 0.0638 -36.85
0.02155 8.04 x 10‘4 0.0695 -38.34
A SH °  = -58.88 ±  3.25 kJ mol’1 b
I I/2(mol1/2 dm'3'2)
Fig. C.2 Plot of As I I  values vs. I 112 for Y(CF3S03)3 in MeCN.
Table C.3 Enthalpies of solution of La(CF3S03)3 in MeCN at 298.15 K.
Weight (g) c* (mol dm’3) Im (mol1/2 drn3/2) A SH  (kJ mol" j
0.00495 1.69 x IO'4 0.0318 -45.15
0.00847 2.89 x IO'4 0.0416 -42.71
0.01261 4.30 x IO'4 0.0508 -43.08
0.01506 5.14 x 10‘4 0.0555 -39.54
0.01975 6.74 x IO'4 0.0636 -39.28
0.02604 8.89 x IO 4 0.0730 -35.49
A SH ° =  -52.58 ±  1.95 kJ mol'1 b
11/2(mol1/2 dm‘3/2)
Fig. C.3 Plot of As H  values vs. 71/2 for La(CF3S03)3 in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value
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Table C.4 Enthalpies of solution of P r(C F 3S 0 3)3 in M eCN at 298.15 K .
Weight (g) ca (mol dm'3) Im  (mol1/2 dm'372) ASH  (kJ mol'1)
0.00609 2.07 x 10'4 0.0352 -33.87
0.00697 2.37 x 10~4 0.0377 -29.97
0.00806 2.74 x 10'4 0.0406 -30.56
0.00882 3.00 x 10'4 0.0424 -28.86
0.01035 3.52 x 10'4 0.0460 -29.56
0.01529 5.20 x 10'4 0.0559 -26.99
0.02176 7.40 x 104 0.0666 -25.01
A SH ° =-39.86 ±  2.16 kJ mol'1*
1 1/2(m o l1/2 d m '3/2)
Fig. C.4 Plot of As H  values vs. /1/2 for Pr(CF3S03)3 in MeCN.
Table C.5 Enthalpies of solution of Nd(CF3S03)3 in MeCN at 298.15 K.
Weight (g) ca (mol dm"3) Im (mol1/2 dm"3/2) A SH  (kJ mol"1)
0.00600 2.03 x 10'4 0.0349 -37.86
0.01073 3.63 x 10'4 0.0467 -41.52
0.01242 4.20 x 10'4 0.0502 -38.15
0.01970 6.66 x 10'4 0.0632 -47.59
0.02611 8.83 x 10'4 0.0728 -45.57
A SH ° = -28.83 ±  5.11 kJ mol'1 b
0 -
€-20 - o
S
3-40 - 
%60 - 
-80 -
0.03 0.04 0.05 0.06 0.07
/ 1/2(m o l1/2 d m '3/2)
Fig. C.5 Plot of As H  values vs. /1/2 for Nd(CF3S03)3 in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value
y = -248.44x - 28.83 
R 2 = 0.71
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Table C.6 Enthalpies of solution of Sm (CF3SC>3)3 in M eCN at 298.15 K .
Weight (g) c“ (mol dm"3) I1'2 (moll/2 dm'312) Asff (kJm ol'1)
0.00624 2.09 x 10'4 0.0354 -70.12
0.00726 2.43 x 10'4 0.0382 -72.04
0.00828 2.77 x HT4 0.0408 -85.01
0.00992 3.32X10"4 0.0446 -88.83
0.01195 4.00 x 1c4 0.0490 -100.06
0.01649 5.52 x 10-4 0.0575 -122.23
0.02289 7.66 x lO '4 0.0678 -140.12
A SH ° =  9.78 ±  4.98 kJ mol'1
/ ‘ -(niol1'1 Clin'4)
Fig. C.6 Plot of As H  values vs. I 112 for Sm(CF3SC)3)3 in MeCN.
Table C.7 Enthalpies of solution of liuC’ FiSOi)) in MeCN at 298.15 K.
Weight (g ) c“ (mol dm'3) 71/2 (mol1/2 dm‘3/2) (kJ mol'1)
0.00612 2.04 x 10'4 0.0350 -14.05
0.01040 3.47 x 10'4 0.0456 -32.21
0.01192 3.98 x 10'4 0.0489 -34.98
0.01498 5.00 x 10'4 0.0548 -48.37
0.01863 6.22 x 10 4 0.0611 -55.12
0.02394 7.99 x 10'4 0.0693 -74.35
A SH °  =4.97 ± 5.38 kJ mol'1 b
l m(mo\m Am2a)
Fig. C.7 Plot of As H  values vs. l m for Eu(CF3S03)3 in MeCN.
a Final concentration in the calorimetric vessel. h Extrapolated value
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Table C.8 Enthalpies of solution of Gd(CF3S03)3 in MeCN at 298.15 K.
Weight (g) ca (mol dm"3) Im (mol1/2 dm"3/2) A SH  (kJ mol"1)
0.00478 1.22 x 10"4 0.0271 -25.02
0.00985 3.26 x IO"4 0.0442 -30.89
0.01194 3.95 x 10"4 0.0487 -37.44
0.01339 4.43 x 10"4 0.0516 -36.54
0.01665 5.51 x IO"4 0.0575 -43.14
0.01968 6.51 x IO"4 0.0625 -49.79
0.02484 8.22 x IO"4 0.0702 -50.96
A SH °  = -5.78 ±  3.86 kJ.mol"1 b
/ 1/2(m o l1/2 d m '3/2>
Fig. C.8 Plot of As H  values vs. /1/2 for Gd(CF3S03)3 in MeCN.
Table C.9 Enthalpies of solution of Tb(CF3S03)3 in MeCN at 298.15 K.
Weight (g) ca (mol dm’3) 71/2(mol1/2 dm"3/2) A SH  (kJ m o l1)
0.00600 1.98 x 10"4 0.0345 -51.99
0.00861 2.84 x 10"4 0.0413 -52.37
0.01246 4.11 x 10"4 0.0497 -48.00
0.01682 5.55 x 10‘4 0.0577 -40.99
0.01988 6.56 x 10‘4 0.0627 -43.82
0.02431 8.02 x IO"4 0.0694 -35.42
A SH °  = -70.16 ± 4.68 kJ.mol'1 b
-80 "i--------- 1---------1--------- 1---------1---
0.03 0.04 0.05 0.06 0.07
7 1/2(m o l1/2 d m ’3/2)
Fig. C.9 Plot of As 77 values vs. I 112 for Tb(CF3S03)3 in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value
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Table C.10 Enthalpies of solution of D y(C F3S 0 3)3 in M eCN at 298.15 K .
Weight (g) ca (mol dm"3) lm  (mol172 dm"372) ASH  (kJ mol"1)
0.00570
0.00960
0.01597
0.02085
0.02451
1.87 x 10-4
3.15 x 10" 
5.24 x 10-4
0.0335 
0.0435 
0.0561
6.84 x 10"4 0.0641
8.04 x 10"4 0.0695
A M °  = -12.77 +4.32 kJ.mol'1*
/ 172(mol172 dm'372)
-27.05
-28.83
-38.57
-36.89
-41.81
Fig. C.10 Plot of As H  values vs. /172 for Dy(CF3S03)3 in MeCN.
Table C .ll Enthalpies of solution of Ho(CF3S03)3 in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) 7172 (mol172 dm'372) A SH  (kJ mol*1)
0.00505 1.65 x 10'4 0.0315 -61.04
0.00780 2.55 x 10'4 0.0391 -59.24
0.00937 3.06 x 10'4 0.0428 -60.55
0.01151 3.76 x 10"4 0.0475 -65.45
0.01445 4.72 x 10'4 0.0532 -62.78
0.02066 6.75 x 10'4 0.0636 -67.51
0.02439 7.97 x 10 4 0.0692 -67.02
A SH °  = -52.94 ± 2.92 kJ.mol'1 *
-20 
y » -
g  -60 - 
153 -80 - 
-100 -
0.02 0.03 0.04 0.05 0.06 0.07
/ 172(moI172 dm'372)
Fig. C .ll Plot of As H  values vs. I172 for Ho(CF3S03)3 in MeCN.
y = -210.54x - 52.94 
R2 = 0.73
a Final concentration in the calorimetric vessel. b Extrapolated value
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Table C.12 Enthalpies of solution of E r (C F 3S0 3)3  in M eCN at 298.15 K .
Weight (g) ca (mol dm'3) lm  (mol1/2 dm'372) ASH  (kJ mol'1)
0.00611 1.99 x 10 4 0.0346 -68.62
0.01072 3.49 x 10'4 0.0458 -54.68
0.01696 5.52 x 10'4 0.0575 -45.76
0.02003 6.52 x 10'4 0.0626 -44.79
0.02455 7.99 x 10'4 0.0692 -36.40
A sH °  = -97.20 ±  4.57 kJ.mol'1 b
0
-100 -I--------------1------------- 1--------------r--- --------- r—
0.03 0.04 0.05 0.06 0.07
I  1/2(m o l172 d m '372)
Fig. C.12 Plot of As H values vs. 1172 for Er(CF3S03)3 in MeCN.
Table C.13 Enthalpies of solution of Yb(CF3S0 3 ) 3 in MeCN at 298.15 K.
Weight (g ) ca (mol dm'3) I1'2 (mol172 dm'372) A SH  (kJ mol'1)
0.00648 2.09 x 10'4 0.0362 -86.63
0.01089 3.51 x 10'4 0.0459 -76.78
0.01420 4.58 x 10‘4 0.0525 -61.85
0.01622 5.23 x 10'4 0.0560 -58.96
0.01805 5.82 x 10'4 0.0591 -55.81
0.02531 8.16 x 10'4 0.0700 -32.55
A SH °  = -147.20 ±  6.37 kJ mol'1 b
10
t33<r-no-
-1 5 0  i--------------------1--------------------1--------------------1—
0.03 0.04 0.05 0.06 0.07
/ 1/2(mol172 dm'372)
Fig. C.13 Plot of As H values vs. I 112 for Yb(CF3SC>3)3 in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value
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C.2. STANDARD ENTHALPIES OF SOLUTION OF LANTHANIDE(HI) TRIFLUORO 
METHANESULFONATE SALTS IN W,A/-DIMETHYLFORMAMIDE (DMF) AT 298.15 
K
Table C.14 Enthalpies of solution of S c(C F 3S0 3)3  in DM F at 298.15 K .
Weight (g ) ca (mol dm"3) i '12 (mol1/2 dm'3'2) A SH  (kJ mol'1)
0.00211 8.57 x 10"5 0.0227 -219.20
0.00321 1.30 x 10‘4 0.0280 -220.76
0.00749 3.04 x 10'4 0.0427 -227.68
0.01202 4.88 x 10'4 0.0541 -223.09
0.01768 7.18 x 10"4 0.0657 -218.70
0.02206 8.96 x IO’4 0.0733 -227.36
A SH ° = -  222.80 + 3.97 kJ mol'1 c
-1 9 3  -i--------------------------------------------------------------------------
•£■-208 - 
o
g-223 - #-- 5---------------- •------ -----
^T -238 -
-253 ---------- 1--------- 1--------- 1--------- 1 - -
0.02 0.03 0.05 0.06 0.08
/ “ (m o ldin '3'2)
Fig. C.14 Plot of As H values vs. I m for Sc(CF3S03)3 in DMF.
Table C.15 Enthalpies of solution of Y(CF3S03)3 in DMF at 298.15 K.
Weight (g) ca (mol dm"3) I m (mol172 dm"372) A SH  (kJ moP j
0.00207 7.72 x 10‘5 0.0215 -170.89
0.00740 2.76 x 10‘4 0.0407 -167.14
0.01360 5.07 x 10'4 0.0552 -171.72
0.01804 6.73 x IO 4 0.0635 -166.70
0.02288 8.54 x 10'4 0.0716 -172.15
A / =  -  169.72 ±  2.60 kJ m o l1 c 
-1 3 9  i   ----------------------------------------
1L-154 -
o
a
£169 - ,------------ *--------- ¥-----------,
<-184 -
_199 -j T T T---------
0.02 0.03 0.05 0.06 0.08
/ 1/2(mol1/2 dm"3/2)
Fig. C.15 Plot of As H values vs. I112 for Y(CF3S03)3 in DMF.
a Final concentration in the calorimetric vessel. c Average value
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Table C.16 Enthalpies of solution of E u (C F 3S0 3 )3 in D M F at 298.15 K .
Weight (g) ca (mol dm'3) Im  (mol1/2 dm'372) ASH  (kJ mol'1)
0.00222 7.41 x 10'5 0.0211 -228.93
0.00730 2.44 x 10'4 0.0382 -225.52
0.01464 4.89 x 10'4 0.0541 -232.81
0.02236 7.46 x 10'4 0.0669 -227.26
0.02553 8.52 x 10'4 0.0715 -230.09
A SH °  = -  228.92 ± 2.77 kJ mol'1 c
-1 9 8
€-213 - o
5-243 -
-2 5 8  i i i i—
0 .0 2  0 .0 3  0 .0 5  0 .0 6  0 .0 8
11/2(mol1/2 dm"372)
Fig. C.16 Plot of As H values vs. I1'2 for Eu(CF3S03)3 in DMF.
Table C.17 Enthalpies of solution of Gd(CF3S03)3 in DMF at 298.15 K.
Weight (g ) ca (mol dm"3) I 112 (mol1/2 dm'372) A SH  (kJ mol'1)
0.00275 9.10 x 10 5 0.0234 -185.52
0.00753 2.49 x 10'4 0.0387 -181.34
0.01609 5.32 x 10'4 0.0565 -189.13
0.02299 7.61 x 10'4 0.0676 -185.17
0.02874 9.51 x 10'4 0.0755 -184.34
0.04573 1.51 x 10'3 0.0953 -181.47
A SH °  = -  184.50 ± 2.90 kJ mol'1 c
-1 5 5  -I--------------------------------------------------------------  ------------------
€ - 1 7 0  - 
©
*
3 - 1 8 5  - *------------------------------------------ ■------ --------------------w  •
X
< ’-200 -
-2 1 5  -I-------------------T------------------- T------------------- T-------------------1----
0 .0 1  0 .0 3  0 .0 5  0 .0 7  0 .0 9
/ 1/2(mol172 dm"372)
Fig. C.17 Plot of As H  values vs. I m for Gd(CF3S03)3 in DMF.
a Final concentration in the calorimetric vessel. c Average value
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Table C.18 Enthalpies of solution of T b (C F 3SC>3)3 in DM F at 298.15 K .
Weight (g) c° (mol dm'3) 71/2 (mol1/2 dm'3/2) As#  (kJ m ol1)
0.00257 8.48 x 10'5 0.0226 -222.86
0.00439 1.45 x 10'4 0.0295 -228.23
0.01206 3.98 x 10'4 0.0489 -218.62
0.01947 6.42 x 10'4 0.0621 -221.66
0.02756 9.09 x 10'4 0.0739 -228.84
0.05547 1.83 x 10'4 0.1048 -224.21
ASH ° =  -  224.07 ±  3.53 kJ mol'1 r
-194 -I----------------------------------------------------------1
• £ - 2 0 9  - 
©s •
g - 2 2 4  - •—    •
< f-2 3 9  -
-2 5 4  i i i i
0 .0 1  0 .0 4  0 .0 6  0 .0 9  0 .1 1
/ 1/2(mol1/2 dm’3/2)
Fig. C.18 Plot of As H values vs. /1/2 for Tb(CF3S03)3 in DMF.
Table C.19 Enthalpies of solution of Yb(CF3S03)3 in DMF at 298.15 K.
Weight (g) ca (mol dm'3) I 112 (mol1/2 dm'372) A SH  (kJ mol'1)
0.00526 1.70 x 10'4 0.0319 -251.04
0.01105 3.56 x 10'4 0.0462 -253.56
0.01772 5.71 x 10'4 0.0586 -246.04
0.0236 7.61 x 10'4 0.0676 -258.53
0.03198 1.03 x 10'3 0.0787 -252.11
A SH °  =-252.26  ±4.51 kJmol'1 c
-220 -j------------------------------------------------------------
C-235 -
i
3 - 2 5 0  - . -------------------- w-----------------: ----------------------------- .
5 - 2 6 5  -
-2 8 0  i i i
0 .0 3  0 .0 4  0 .0 6  0 .0 7  0 .0 9
/ 172(m o l172 d m ’372)
Fig. C.19 Plot of As H  values vs. I 112 for YlrfCFsSOsL in DMF.
a Final concentration in the calorimetric vessel. c Average value
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C.3. STANDARD ENTHALPY OF SOLUTION OF L2 IN DMF AT 298.15 K 
Table C.20 Enthalpies of solution of L2 in DMF at 298.15 K.
Weight (g) ca (mol dm'3) Im  (mol1/2 dm'372) ASH  (kJ mol'1)
0.00600 1.15 x 10'4 0.0107 31.15
0.01366 2.61 x 10'4 0.0162 29.91
0.01670 3.19 x 10'4 0.0179 30.26
0.02004 3.83 x 10'4 0.0196 29.07
0.02634 5.04 x 10*4 0.0224 27.16
0.03194 6.11 xlO "4 0.0247 27.03
0.03519 6.73 x 10'4 0.0259 27.02
A,77° = 34.89 ±  0.92 kJ mol'1 b
c 1/2(mol1/2 dm'3/2)
Fig. C.20 Plot of As H values vs. cm for L2 in DMF.
C.4. STANDARD ENTHALPIES OF SOLUTION OF LANTHANIDE(III) TRIFLATE 
COMPLEXES OF L1 IN ACETONITRILE (MECN) AT 298.15 K
Table C.21 Enthalpies of solution of the Sc3+ complex of Ll in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) 7172 (mol1/2 dm"3/2) A SH  (kJ mol'1)
0.00801 1.08 x 10'4 0.0254 -41.58
0.01621 2.18 x 10 4 0.0362 -33.53
0.02053 2.76 x 10'4 0.0407 -29.75
0.03437 4.62 x 10'4 0.0527 -14.60
0.03801 5.11 x 10'4 0.0554 -20.55
0.04233 5.69 x 10'4 0.0584 -15.52
0.04900 6.59 x 10'4 0.0629 -8.88
A,77° = -  63.57 ±  4.13 kJ mol'1 *
/ 1/2(mol172 dm'3/2)
Fig. C.21 Plot of As 77 values vs. I 112 for the Sc3+ complex of L l in MeCN.
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Table C.22 Enthalpies of solution of the Y3+ complex of LI in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) I112 (mol1/2 dm'3/2) A SH  (kJ mol'1)
0.00650 8.49 x 10 3 0.0226 -22.26
0.01754 2.29 x 10'4 0.0371 -20.77
0.02495 3.26 x 10'4 0.0442 -16.26
0.03910 5.11 x 10'4 0.0553 -10.99
0.03937 5.14 x lO'4 0.0555 -15.49
0.04878 6.37 x 10'4 0.0618 -13.21
A SH ° = -  28.91 ±  3.00 kJ mol'1 b
“3 0  i i i
0 .0 2  0 .0 3  0 .0 5  0 .0 6
11/2(mol1/2 dm'372)
Fig. C.22 Plot of As H values vs. I m for the Y3+ complex of LI in MeCN.
Table C.23 Enthalpies of solution of the La3* complex of LI in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) 71/2 (mol1/2 dm'3/2) A SH  (kJ mol'1)
0.01481 1.87 x 10'4 0.0335 -24.61
0.02800 3.54 x 10'4 0.0461 -22.41
0.04080 5.16 x 10'4 0.0556 -14.48
0.04773 6.04 x 10'4 0.0602 -14.67
0.05711 7.22 x IO'4 0.0658 -11.02
0.07177 9.08 x 10'4 0.0738 -6.08
0.13649 1.73 x 10'3 0.1018 -3.30
A SH °  = -3 5 . 10 ±  3.42 kJ mol'1 b
/ 1/2(mol1/2 dm'3/2)
Fig. C.23 Plot of As H values vs. I m for the La3+ complex of LI in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value.
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Table C.24 Enthalpies of solution of the Nd3+ complex of LI in MeCN at 298.15 K.
Weight (g ) ca (mol dm'3) I 112 (mol1/2 dm‘3/2) A,77 (kJ mol'1)
0.01355 1.71 x 10'4 0.0320 -30.92
0.02751 3.47 x 10'4 0.0456 -21.13
0.03910 4.93 x 10'4 0.0544 -13.51
0.04648 5.86 x 10'4 0.0593 -14.65
0.05340 6.73 x 10'4 0.0635 -12.32
0.05725 7.21 x 10'4 0.0658 -12.26
0.06183 7.79 x 10 4 0.0684 -10.34
A , 77° = -  46.67 ±  3.49 kJ mol'1 b
1 1/2(m o l1/2 d m '3/2)
Fig. C.24 Plot of As H values vs. 71/2 for the Nd3+ complex of LI in MeCN.
Table C.25 Enthalpies of solution of the Sm3+ complex of LI in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) 71/2 (mol1/2 dm'3/2) A ,.77 (kJ mol'1)
0.01936 2.43 x 10'4 0.0382 -19.93
0.03681 4.62 x 10 4 0.0527 -12.80
0.05000 6.28 x lO '4 0.0614 -9.89
0.05500 6.90 x lO '4 0.0644 -9.10
0.07500 9.42 x lO '4 0.0752 -6.62
A,77° = -  32.87 ±  2.32 kJ mol'1 b
11/2(mol172 dm‘3/2)
Fig. C.25 Plot of As H values vs. 71/2 for the Sm3+ complex of LI in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value.
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Table C.26 Enthalpies of solution of the Eu3+ complex of L l  in MeCN at 298.15 K .
Weight (g) ca (mol dm'3) I112 (mol1/2 dm'372) ASH  (kJ mol'1)
0.00901 1.13 x 10'4 0.0260 -22.89
0.01919 2.41 x 10'4 0.0380 -22.12
0.02935 3.68 x 10'4 0.0470 -16.49
0.03707 4.65 x 10 4 0.0528 -11.53
0.03991 5.01 x 10'4 0.0548 -11.99
0.05076 6.37 x 10'4 0.0618 -9.04
A SH °  = -  35.88 ±  3.05 kJ mol'1 *
/ 1/2(mol1/2 dm'3/2)
Fig. C.26 Plot of As I I  values vs. /1/2 for the Eu3 ' complex of L l in MeCN.
Table C.27 Enthalpies of solution of the Gd3+ complex of Ll in MeCN at 298.15 K.
Weight (g) ca (mol dm'3) 7172 (mol172 dm'372) A SH  (kJ mol'1)
0.01204 1.50 x 10‘4 0.0300 -26.48
0.02403 3.00 x 10"4 0.0425 -23.29
0.04181 5.23 x 10'4 0.0560 -13.25
0.06423 8.03 x 10'4 0.0694 -9.67
0.07181 8.98 x 10'4 0.0734 -8.31
A SH °  = -  40.28 ± 2.66 kJ m ol1 b
7172(mol"2 dm"372)
Fig. C.27 Plot of As H  values vs. I 1'2 for the Gd3+ complex of L l in MeCN.
a Final concentration in the calorimetric vessel. * Extrapolated value.
APPENDIX C. HEAT OF SOLUTION DATA 351
T a b le  C .2 8  E n t h a lp ie s  o f  s o lu t io n  o f  th e  T b 3+ c o m p le x  o f  L I  in  M e C N  a t  2 9 8 .1 5  K .
Weight (g) ca (mol dm'3) /1/2 (mol1/2 dm'3/2) ASH  (kJ mol'1)
0.00744 9.29 x 10'5 0.0236 -27.46
0.00986 1.23 x 10'4 0.0272 -27.29
0.01770 2.21 x IO 4 0.0364 -24.11
0.02440 3.05 x 10'4 0.0428 -24.09
0.02919 3.64 x 10 4 0.0468 -19.58
0.03918 4.89 x 10'4 0.0542 -20.00
A SH ° = -  34.28 ± 1.95 kJ mol'1 b
U  -
S-21 - 
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Fig. C.28 Plot of As H values vs. /1/2 for the Tb3+ complex of LI in MeCN.
Table C.29 Enthalpies of solution of the Yb3+ complex of LI in MeCN at 298.15 K.
Weight (g) c a (mol dm'3) /1/2 (mol1/2 dm'3/2) A SH  (kJ m o l1)
0.01295 1.61 x IO4 0.0311 -12.16
0.03221 4.00 x 10'4 0.0490 -3.98
0.05321 6.61 x 10 4 0.0630 -4.21
0.06432 7.99 x 10 4 0.0692 -1.47
0.07506 9.32 x IO'4 0.0748 -2.28
A SH °  = -  17.50 ± 3.41 kJ mol'1 b
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Fig. C.29 Plot of As H values vs. I m for the Yb3+ complex of LI in MeCN.
a Final concentration in the calorimetric vessel. b Extrapolated value.
